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Abstract 
Recovery of metal values from metal-containing wastes and low-grade ores is important in 
reducing consumption of metals from primary sources. The potential for ionic liquids (ILs) to 
be used to recover valuable constituents from waste by selectively dissolving target materials 
and then recovering them from the IL prior to regeneration and use of the IL in further 
extraction is demonstrated.  
 
A literature review shows the different types of ILs, their syntheses and applications as 
solvents in extraction procedures. The use of rapid synthesis methods (particularly, open- and 
closed-vessel microwave-assisted methods) to prepare ILs, of suitable purity for extracting 
value from wastes and low-grade ores, is described, with the benefits of more rapid synthesis, 
more efficient reagent conversion, higher purity product, reduced loss of starting materials 
and less use of volatile organic solvents, all of which contribute to a more environmentally-
sound synthesis methodology.  
 
The solubilities of a range of metals and metal compounds, in the prepared ILs, show 
selective dissolution of metals can be achieved with the recovery of these metals, from IL 
solution also being reported.  Testing the use of ILs as solvents to recover metals from alkali 
battery black mass waste and the mineral, malachite, as model systems, was studied, with 
recovery of zinc and manganese from the battery waste being achieved using HBetNTf2 and 
recovery of copper, from malachite, using protomimBr and protomimCl. 
  
Crystals have been isolated from solutions of Zn, ZnO, ZnS, CuO, CoCl2, Mn and MnO2 in 
protomimBr and their crystal structures determined, which show that complex formation 
between components of the IL and the metal ions provides the mechanism for the dissolution 
of metals from solids into the ILs. The complex formation can, however, involve either the 
nitrogen atom of the imidazolium-IL cation (for zinc, copper and manganese) or the IL halide 
anion (for cobalt). 
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1.1 Background 
Disposal of all types of waste is becoming more difficult due to the need to reduce disposal to 
landfill and to maximise reuse and recycle.  Legislation is driving the need to find alternatives 
to the disposal of waste by increasing the cost of landfill disposal and the requirements of 
treatment of hazardous substances. Wastes, however, can also contain valuable components, 
the recovery of which can reduce the requirement for using virgin materials with consequent 
reductions in environmental impact.  The waste streams which form the basis of the research 
described in this thesis are metal containing wastes arising from mining operations, low grade 
ores and end-of-life materials such as electrical and electronic goods and batteries.  
  
Waste streams such as waste electrical and electronic equipment, battery waste and mining 
wastes contain valuable metals of which there is not only a limited supply and quantity in 
primary resources, but also involves energy-intensive extraction processes. Disposing of 
metal-containing wastes is unwise and would lead to resource depletion. Recycling and reuse 
must provide a favourable alternative to virgin metal recovery as metals do not degrade upon 
repeated reuse or recycle and have the same applications whether they arise from primary or 
secondary sources. As high metal content ores are depleting, poorer quality ores are becoming 
exploited. These low grade ores contain such a low metal content that extracting the metal 
using conventional technologies is often not economically feasible. Low-grade ores could be 
treated with similar technologies to metal-containing wastes in order to recover valuable 
metals economically using processes under ambient or low-temperature conditions if such 
processes exist. 
 
The work described in this thesis considers the use of novel solvents, ionic liquids, to 
selectively dissolve valuable metal components, thereby recovering them from waste 
materials such as waste electrical and electronic equipment, batteries and mining wastes, as 
well as low grade ores. In doing so, the depletion of finite resources can be abated, the 
energy-intensive technologies involved in metal extractions which produce high volumes of 
waste by-products can be avoided, the quality of recycled products can be increased, heavy 
mining wastes and low-grade ores can be treated economically on-site and the hazardousness 
of wastes can be reduced. 
1.2 Aims and Objectives 
The overall aim of the research described in this thesis was to develop novel methodologies 
based on ionic liquid extraction to separate and recover valuable metals or metal compounds 
Chapter 1                                                                                                               Anna Gooding 
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from mixed metal-containing wastes or low grade ores. In order to achieve this aim, the main 
objectives were:  
 
• To undertake a literature review of ionic liquids in terms of their properties, methods 
of synthesis  and current and potential applications as solvents in extractions for  
recovery of value from secondary sources. 
• To develop rapid synthesis methods for a suite of ionic liquids with a range of 
properties and with  purities suitable for use in waste extraction applications. 
• To characterise the suite of ionic liquids and their properties with a view to 
determining their suitability for use in selective metal extraction from waste. 
• To assess the feasibility of ionic liquid methodologies for the: 
- Extraction and fractionation of metals from alkaline battery waste (black 
mass). 
- Extraction and recovery of copper from malachite ore.  
• To investigate the mechanisms of dissolution of metals and metal compounds in ionic 
liquids. 
1.3 Scope of this Thesis 
 
Following this brief introduction, Chapter 2 contains a literature review on ionic liquids with 
particular focus on their synthesis and subsequent use as solvents, specifically for metals. The 
methodologies for the synthesis and particularly rapid synthesis of a suite of ionic liquids are 
described in Chapter 3, along with their characterisation data, including the solubility results 
for a selection of metals and metal compounds in the ionic liquids prepared.  
 
In Chapter 4, the solubility results from Chapter 3 are used in studies of metal extraction to 
determine the feasibility of recovering dissolved metals from ionic liquids and in the 
extraction, separation and recovery of metals from the black mass of spent alkaline batteries 
and of copper from malachite ore as case studies. Chapter 5 describes the use of single crystal 
structure determination of the coordination around metals in crystals recovered from metal-
protomimBr solutions as a means of understanding the mechanisms that are involved in the 
dissolution of metals in ionic liquids. The conclusions drawn from the work of this thesis are 
contained in Chapter 6. 
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2.1  Introduction 
Ionic liquids (ILs) are generally defined as salts, composed entirely of anions and cations, 
with melting points below 100oC. This is an arbitrary cut-off temperature that has been 
adopted due to most organic reactions being conducted below 100oC. Some researchers 
suggest that ILs should have melting points below 80oC, although this would exclude some of 
the most commonly employed ILs that are discussed in the literature [1]. They generally 
contain a large organic cation and an inorganic anion which cannot form strong lattices like 
sodium chloride, thus lowering the melting point and resulting in salts that are liquid at room 
temperature. Figure 2-1 shows the generic structures of some typical IL cations. 
N
+
R
N N
+
R 1 R 2
N
+
R 1
R 4
R 3
R 2
P
+
R 1
R 4
R 2
R 3
 
Figure 2-1: Examples of organic cations: imidazolium, pyridinium, ammonium and phosphonium 
Ionic liquids have long systematic names and, for ease of reference, the nomenclature used 
throughout the thesis is based normally on three descriptors: (i) the R group of the cation; (ii) 
the backbone of the cation, which is either methylimidazolium (mim), pyridinium (pyr) or 
phosphonium (Pn,n,n,n), where the 4 subscript numbers indicate the length of the 4 alkyl chains 
of the cation; and (iii) the anion, as illustrated for 1-hexyl-3-methylimidazolium chloride 
(Figure 2-2) and listed in Table 2-1. 
                       Cation          Anion 
 
 hmimCl 
 
1-hexyl-3-methylimidazolium chloride 
 
N
+
N Cl  
 
Figure 2-2: Interpretation of IL nomenclature and abbreviations 
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Table 2-1: Ionic liquid abbreviations used in this thesis 
Cations Anions 
Rmim+ 1-alkyl-3methylimidazolium Cl- chloride 
protomim+ protonated methylimidazolium Br- bromide 
mmim+ 1-methyl-3-methylimidazolium I- iodide 
emim+ 1-ethyl-3-methylimidazolium dca- dicyanamide 
hmim+ 1-hexyl-3-methylimidazolium PF6- hexafluorophosphate 
bmim+ 1-butyl-3-methylimidazolium BF4- tetrafluoroborate 
omim+ 1-octyl-3-methylimidazolium NTf2- bis(trifluoromethane)sulfonimide   
cyanomim+ 1-(2-cyanoethyl)-3-
methylimidazolium  
MeSO4- methane sulfate 
protopyr+ protonated pyridinium  TfO- trifluoromethane sulfonate 
hpyr+ N-hexylpyridinium  HSO4- sulfate 
P6,6,6,14+ trihexyltetradecylphosphonium  NfO- nonafluorobutansulfonate 
P8,8,8,18+ trioctyloctadecylphosphonium  TfO- trifluoromethanesulfonate 
bbim+ 1-butyl-3-butylimidazolium AlCl4- tetrachloroaluminate 
pmim+ 1-pentyl-3-methylimidazolium Al2Cl7- heptachlorodialuminate 
nmim+ 1-nonyl-3-methylimidazolium Al3Cl10- decachlorotrialuminate 
btmsim+ 1-butyl-3-
trimethylsilylimidazolium 
ZnCl3- trichlorozincate 
mimSBu+ 2-butylthiolonium Zn2Cl5- pentachlorodizincate 
Rpyr+ N-alkylpyridinium Zn3Cl7- heptachlorotrizincate 
bmpyrrol+ N,N-butylmethylpyrrolidinium NPf2- bis(perfluoroethylsulfonyl)amide 
Reim+ 1-methyl-3-methylimidazolium OcSO4- octylsulfate 
HBet+ betanium EtSO4- ethylsulfate 
  gly- glycine 
 
Chapter 2 provides an introduction to ionic liquids in terms of their properties, their methods 
of synthesis and their applications of particular relevance to this research and their potential 
use in the waste management industry. 
 
In general ILs have low vapour pressure, are electrochemically, thermally and chemically 
stable and are good electrical conductors due to their high ion concentration [2, 3]. They exist 
as viscous liquids or low-melting solids and do not vaporise until high temperatures in the 
region of 280-400oC, providing a wide thermal operating range [4, 5]. They are non-
flammable, non-coordinating solvents with low vapour pressures, making them excellent 
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alternatives to traditional organic solvents. The combination of the anion and cation dictates 
the properties of the IL, such as density, viscosity, polarity, melting point and water 
miscibility.  
 
Both the anion and the cation play an important role in the chemistry and properties of an IL, 
with the extent of behavioural change of the IL being influenced by different types of anions 
or cations or by small changes to the cation structure [6, 7]. Solubility of the IL in water 
depends primarily on the anion, with a secondary influence from the cation, while the 
dielectric constant, which relates to solubility in organic solvents, appears to depend mainly 
on the type of cation [2, 8, 9]. It can be difficult to predict the physicochemical properties of 
the IL from its structure, although there are patterns in the behaviour of ILs, such as melting 
point and density, that relate to the length of alkyl chains present in the cation or the type of 
anion [2].  
 
As one of the first types of ILs to be reported, the imidazolium cations have been a popular 
choice with researchers in comparison to other types of ILs. They have low melting points 
and viscosities due to the stereochemistry of the protruding alkyl chains preventing the planar 
rings from packing together and the delocalised nature of the positive charge across the two 
nitrogens of the imidazole ring reducing the ionic interactions [10]. Imidazolium-based ILs 
are able to coordinate with solutes such as metals as they are amphoteric containing both a 
proton donor and a proton acceptor [11]. The ILs are prepared from alkylimidazoles and 
haloalkanes at reasonably low temperatures with low energy consumptions and while the 
haloalkanes are cheap, the imidazoles are costly [12]. Abbott et al [13] report that the 
toxicological properties of the imidazolium-based ILs, the economics of their production and 
purity issues that can arise during their preparation may restrict their use in large scale 
applications.  
 
The melting points of common salts, such as sodium chloride, are usually high due to strong 
coulombic attractions between the anions and the cations. In ILs, however, these coulombic 
interactions are much smaller than those of common salts due to the large size of the ions, 
which make the attractive forces comparable to those forces between molecules in molecular 
solvents, resulting in lower melting points [12]. The melting point of an IL is influenced by a 
number of factors, including:  
 
Size of the ion where the melting point of the IL decreases as the anion and cation sizes 
increase. For example, 1-ethyl-3-methylimidazolium chloride (emimCl) (Figure 2-3) is a solid 
at room temperature while 1-hexyl-3-methylimidazolium chloride (hmimCl) (Figure 2-4) and 
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1-ethyl-3-methylimidazolium bis(trifluoromethane)sulfonimide (emimNTf2) (Figure 2-5) are 
liquid due to the increased size and consequent reduced charge density of the cation and anion 
respectively, with increased packing inefficiency disrupting the coulombic packing. 
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N
Cl
 
Figure 2-3: emimCl 
 
N N
+
Cl  
Figure 2-4: hmimCl 
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Figure 2-5: emimNTf2 
 
Imidazolium ILs, containing alkyl chains with more than six carbon atoms, however, have 
higher melting points as the van der Waals forces between the non-polar alkyl chains become 
significant and structural order increases;  
 
Symmetry of the ions where asymmetric cations do not pack well together so lattice energy is 
reduced and crystallisation inhibited [3, 7, 14]. For example, pyridinium cations, which have 
two mirror planes of symmetry and a C2 rotation axis (Figure 2-6), have higher melting points 
than unsymmetrical imidazolium cations [15];   
N
 
Figure 2-6: Symmetry of the planar pyridinium cation 
Mirror plane and rotation axis 
Mirror plane 
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Ion flexibility where flexibility in the cation’s structure  impacts the close packing of ions, 
such that where the interactions between the ions are reduced, by, for example, the inclusion 
of ether groups in the alkyl chain, the melting point will be lowered;  
 
Presence of non-charge-bearing hydrocarbon groups which reduce the salt lattice energy so 
that less energy is required to break the lattice and the melting point is lower; and  
 
Steric hindrance and shielding of the charge-bearing atom where, for example, in the 
trihexyltetradecylphosphonium (P6,6,6,14) cation, which produces liquid ILs despite being a 
relatively symmetrical ion [12, 16], the chloride is held within the alkyl chains of the 
phosphonium cation such that it cannot interact with further phosphonium cations to form a 
lattice and the IL exists as distinct ion pairs with weak interactions between  the ion pairs, 
resulting in a lower melting point. 
 
It is evident, therefore, that changes, however small, in the structure of the selected anion and 
cation types, enable the preparation of ILs with different physical and chemical properties, 
with in excess of a million theoretically possible salts displaying a vast range of different 
behaviours.  
 
2.2  Classification of Ionic Liquids 
There are many different classifications of ILs and many ILs will fit into a number of 
different classifications due to the combination and variation of anion and cation. 
Consequently it is not possible to generalise about all ILs as a whole due to the wide array of 
properties that are achievable by major or minor adjustments to the ion structures. The 
discussion here is focused only on those classifications of specific relevance to the current 
research, that exhibit one or more of the following characteristics: ability to protonate; 
miscibility with water; flexibility of ionic structure to form task-specific ILs; and ability to 
form eutectics.  
 
2.2.1   Ability to Protonate 
Protic ILs contain an acidic hydrogen and are formed by the transfer of a proton from a 
Brønsted acid to a Brønsted base resulting in a salt with a protonated cation and a 
deprotonated anion to produce ILs that exhibit low Lewis basicities [3, 10, 17]. Protic ILs 
form hydrogen-bond (H-bond) networks which result in the IL behaving, both physically and 
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chemically, like water. Although H-bonds do also form in aprotic ILs (where there is no 
acidic hydrogen), the extended H-bond networks do not exist [18]. The synthesis of protic ILs 
is an equilibrium reaction (see below), and, as such, does not reach completion, with the IL 
containing a small amount of the conjugate acid and base, in proportions dependent on the 
position of equilibrium. This “incomplete” state has led to discussions as to whether protic 
ILs are in fact ILs at all, since they are not completely composed of discrete anions and 
cations given the presence of the conjugate acid and base in the mixture [19]. 
NN
CH3
+ BrH NN+
CH3H
Br
-
 
Examples of such reactions include the addition of 1-methylimidazole to tetrafluoroboric acid 
or bromic acid and 1-ethylimidazole to acidic bis(trifluoromethane)sulfonimide  (HNTf2) [10, 
15, 20, 21]. Protonated 1-methylimidazolium chloride (protomimCl), protonated 1-
methylimidazolium bromide (protomimBr) and protonated 1-methylimidazolium 
bis(trifluoromethane)sulfonimide  (protomimNTf2) have all been produced by the 
neutralisation of methylimidazole with an acid whilst protonated pyridinium chloride 
(protopyrCl) has been produced by protonation of pyridine with hydrochloric acid [15, 22]. 
Ethanolammonium nitrate and ethylammonium nitrate have been prepared by neutralisation 
of nitric acid and are capable of H-bonding, due to the presence of both H-bond acceptor and 
donor sites [17]. Ammonium nitrate ILs have been found to be hygroscopic but do not 
decompose over time, even after 3 years, possibly due to steric hindrance. Other protic ILs 
have been reported to decompose by deprotonation over time, and tend to do so at lower 
temperatures than aprotic ILs due to a shift in the proton transfer equilibrium between the salt 
form and the conjugate acid-base pair [3, 12, 17]. This thermal instability results in protic ILs 
having non-negligible vapour pressure such that it is possible for them to be distilled, as the 
acid-base pair, before recombining as the IL after distillation [12, 17]. In terms of their value 
in industrial applications, protic ILs are suitable for hydrogen transport and fuel cell 
technology and are already being used on a multi-kilogram scale in industrial applications by 
Eli Lilly and Co. and in BASF’s BASIL process [3, 12, 15]. 
  
2.2.2   Miscibility with Water 
ILs are either hydrophilic or hydrophobic depending  on their miscibility with water, with the 
miscibility of some ILs, such as 1-butyl-3-methylimidazolium tetrafluoroborate (bmimBF4) 
and protonated betanium bis(trifluoromethane)sulfonimide (HBetNTf2), depending on the 
temperature or acidity of the system [23]. It is important to note, however, that all ILs are 
hygroscopic, absorbing moisture from the atmosphere in the case of hydrophilic ILs, or, from 
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the aqueous phase of a biphasic IL system in the case of hydrophobic ILs. If a completely dry 
IL is required for an application the IL must be produced, stored and used in a dry box. It is 
primarily the anion that dictates whether an IL will be hydrophobic or hydrophilic although 
the cation does have some influence. For example, hexafluorophosphate (PF6-), 
tetrafluoroborate (BF4-) and bis(trifluoromethane)sulfonimide (NTf2-) anions generally 
produce hydrophobic ILs, whilst BF4-imidazolium ILs, with short alkyl chains, are 
hydrophilic, and, pairing a chloride anion with the large P6,6,6,14 cation produces a hydrophobic 
IL despite halide anions usually imparting hydrophilicity to an IL. Hydrophobicity can be 
increased by extending the alkyl chains of the cation and, de facto, increasing the non-polar 
regions of the IL structure. 
 
The original and historically most popular hydrophobic ILs, reported in literature, are based 
on the PF6- anion [24, 25]. They are non-coordinating and easy to prepare and became popular 
as replacements for the moisture-sensitive chloroaluminate ILs (discussed in Section 2.2.4). It 
is now known that PF6-ILs can hydrolyse to produce hydrofluoric acid, which not only 
dissolves glassware and damages steel but is also a known health hazard [26, 27]. 
Furthermore, PF6-ILs are difficult to dispose of since they do not biodegrade and cannot be 
incinerated. Such problems have led to the development of NTf2-ILs, where the NTf2- anion is 
weakly nucleophilic thus making the IL stable at higher temperature and less prone to 
hydrolytic decomposition [12, 28]. The production of Yb(NTf2)4 complexes has shown that 
the NTf2- anion, initially considered to be a non-coordinating anion, will form interactions 
with a solute [3]. The irregular shape, large size and charge delocalisation of the NTf2- anion 
produces ILs that are low melting, have low viscosity, and, due to steric shielding of the 
negative nitrogen atom, have reduced inter-ionic interactions [29]. 
 
The large tetra-alkyl phosphonium- and ammonium-based ILs are hydrophobic due to the 
presence of long alkyl chains producing non-polar regions. The phosphonium ILs are very 
viscous, have low conductivity and, despite most other chloride ILs being hydrophilic, the 
chloride salt is hydrophobic, which prompted Fraser et al to investigate the ion coordination 
in this type of IL [16]. The conductivity of trihexyltetradecylphosphonium chloride 
(P6,6,6,14Cl) is lower than would be expected from its viscosity, which suggests that the ions 
are strongly paired, whilst trihexyltetradecylphosphonium bis(trifluoromethane)sulfonimide 
(P6,6,6,14NTf2) is highly conducting, suggesting high ionicity. The lower conductivity of the 
P6,6,6,14Cl  is due to the small chloride anion being trapped close to the positively charged 
phosphonium headgroup inside the alkyl chains which, in turn, prevents the chloride ion from 
moving independently and creates bound ion pairs. On the other hand, the inter-ion attractions 
in the NTf2-IL are reduced by the lower effective charge and increased steric hindrance 
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caused by the large size of the anion, such that the NTf2- anion cannot be trapped in the cation 
resulting in an IL that is less viscous, less dense and more conducting. Fraser suggests that the 
phosphonium chloride liquids should be referred to more accurately as “Liquid Ion Pairs” 
rather than “ionic liquids” [16]. 
 
2.2.3   Flexibility of Ionic Structure 
With slight alteration to the structure of either the anion or cation, through the inclusion of 
specific functional groups, it is possible to refine the properties or functionality of an IL for a 
particular application, in other words, produce a task-specific ionic liquid (TSIL). By way of 
example, if emimCl has a high solvation capacity for a particular solute but, due to its high 
melting point, dissolution does not occur until above 80oC, then the length of the alkyl chain 
may be extended to reduce the melting point without affecting the interactions between the IL 
and the solute, thereby allowing dissolution at much lower temperatures. An IL may be 
designed for a particular application, for example as the solvent in a synthetic reaction that 
will not only improve the yield and selectivity of the product but also allow the recycle of 
catalysts after product recovery [30]. Adding functional groups to the alkyl chains of the 
cations in order to change the properties of the IL may increase its ability to interact with 
solutes but may also increase cation-anion interactions such that the melting point is raised 
[12]. It is also possible to select functional groups that will increase the number and strength 
of interactions with a specific solute and thereby create a selective solvent [31].  
 
Dual functionality can be applied to the IL if both the cation and the anion are functionalised 
for different tasks, thereby increasing the extent of applications for ILs [31]. Functionalised 
imidazolium ILs can be prepared easily by the addition of a functionalised alkyl halide to an 
alkylimidazole [31]. Holbrey et al designed an IL cation to extract mercury by mimicking part 
of the molecular structure of known extractants (Figure 2-7). 
 
N
+
N
NN
+ O
O
 
Figure 2-7: TSIL cation for extraction of mercury 
The increased flexibility of the cation arising from the presence of the ether link between the 
two imidazolium rings reduced the melting point of the prepared IL at the same time as 
making it selective to the extraction of mercury over caesium. The potential for higher levels 
of extraction can be achieved if the ether linkage contains more ether groups, which, in turn, 
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increases the chelating function, from bidentate to polydentate, such that the metal ions are 
encapsulated [32]. Other functionalised imidazolium cations, such as the thiourea-derived 
cation (Figure 2-8), have been considered for the selective extraction of mercury from a 
mercury-cadmium system [33], while Harjani et al [34] have designed a functionalised IL 
cation (Figure 2-9) for the chelation and extraction of copper, with the tertiary amine and 
ester groups having the ability to interact with the copper ion (Figure 2-10). 
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Figure 2-8: Thiourea functionalised cation for selective extraction of mercury [33] 
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Figure 2-9: Functionalised IL cation for chelation and extraction of copper [34] 
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Figure 2-10: Chelation of copper by 2 functionalised cations [34] 
Betanium bis(trifluoromethane)sulfonimide (HBetNTf2), an IL that was first produced for the 
purpose of dissolving metal oxides [23], is hydrophobic at room temperature but, on heating 
above 55oC or increasing the pH above 8, will mix with water [15] due to the change in H-
bonding of the mixture. Heating HBetNTf2 (Figure 2-11) breaks down the H-bonding 
between the anion and the cation and allows full water saturation [35].  Addition of a more 
basic molecule than HBet+ causes the proton to move towards the base with the formation of a 
salt bridge allowing the IL to dissolve in water.  If the molecule is less basic, the interaction 
will be via an H-bond with the nitrogen of the HBet+ cation [15]. These changes in the 
behaviour of the IL-solute system, with temperature and alkalinity, make such ILs suitable for 
application in the extraction of valuable substances from aqueous solutions. 
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Figure 2-11: HBetNTf2 
Although some TSILs can be expensive or have undesirable properties (such as high 
viscosity) they can be mixed with another IL that may be cheaper or may alter the overall 
properties of the solution (e.g. decreasing the viscosity) without significantly affecting the 
function for which the TSIL has been selected or designed [36].  
 
2.2.4   Ability to Form Eutectic Mixtures 
It is possible to combine two solid materials that will interact in such a way that the melting 
point of the homogeneous mixture (a eutectic) will be lower than that of the constituents. Two 
types of binary mixture, involving IL-based systems, exist, namely: (i) the eutectic 
chlorometalate-based ILs and (ii) the eutectic H-bond donor-based ILs, popularly referred to 
as deep eutectic solvents (DES).  
 
The chlorometalate-based ILs are liquid due to the chloride anion of an IL forming a covalent 
bond with the chlorometalate anion to produce a large anion complex with a diffuse charge 
that reduces coulombic interactions and depresses the melting point, whilst in the deep 
eutectic solvents, H-bonds form between the constituents which delocalise the charge and 
reduce the melting point.  
 
2.2.4.1 Eutectic Chlorometalate-Based ILs 
The  eutectic chlorometalate-based ILs include chloroaluminates, chlorozincates and other 
chlorometalates derived from tin, iron, boron, copper, cobalt and nickel.   
 
Chloroaluminate Melts 
Chloroaluminate melts, one of the first widely-researched types of ILs which have already 
been used in industrial applications, are formed as a binary mixture, stabilised by charge 
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transfer interactions between the anion and the aromatic region of the cation, by the treatment 
of chloride ILs with the Lewis acid, aluminium chloride (AlCl3) [37]. The melts have low 
melting points, broad liquid ranges, wide electrochemical windows, are extremely good 
solvents and display interesting Lewis acidic or basic properties depending on composition, 
where, for example, a concentration of aluminium chloride greater than a 1:1 molar ratio 
causes the binary IL to behave as a powerful Lewis acid [27, 38].  Their solvent capability is 
such that they are able to dissolve high amounts of inorganic, organic and polymeric 
compounds and have been used in metal deposition, aluminium batteries and as reaction 
media [27, 37, 39]. The solutions are prepared by gradually mixing together the two 
components of the melt, however, care must be taken since the reaction is exothermic and 
hotspots can form in the solution which can cause the cation to degrade and the IL to 
decompose [40, 41].  Furthermore, if water is present, a vapour of hydrochloric acid , a toxic 
irritant, may form from the mixture whilst the presence of other protic species will cause the 
IL to become a Brønsted super-acid [28, 41]. Chloroaluminate ILs are hazardous and have 
been shown to cause skin irritation and ulcers [41]. 
 
The Lewis acidic or basic properties of chloroaluminate melts can be adjusted by changing 
the proportions of the IL and AlCl3, with a higher ratio of emimCl:AlCl3 in a melt containing 
emimCl and AlCl3 causing the solution to be Lewis basic due to the prevalence of the chloride 
ion, that is mostly uncomplexed [39, 42], whilst a higher ratio of AlCl3:emimCl, which means 
there is more Al2Cl7- and Al3Cl10-, causes the solution to be Lewis acidic [42]. A neutral melt 
is one in which there are equal molar amounts of emimCl and AlCl3, resulting in the emim+ 
cation being balanced by an AlCl4- anion. It should be noted that the terms basic, neutral and 
acidic refer to the Lewis acidity. The emimCl melts of 40-67 mol% AlCl3 have been found to 
be liquid at room temperature [43]. 
103372
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By changing the concentration of AlCl3 in the melt, it is possible to tailor its properties [40]. 
In the basic melts H-bonds form between the chloride anion and the imidazolium ring whilst 
in the acidic melts, which contain larger Al2Cl7- anions with a delocalised and less dense 
charge, the hydrogen bond interactions are weak such that the lattice energy is lower which 
results in the acidic melts having a lower melting point and being less viscous [12, 40, 44]. 
Furthermore, the higher AlCl3 concentration, in the acidic melts, results in the melt having 
higher density and being more hygroscopic such that the melt may easily hydrolyse to 
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produce hydrochloric acid and hydrogen chloride gas [3]. The presence of longer alkyl chains 
on the imidazolium ring in hmimCl, for example, encourages the formation of more van der 
Waals interactions which leads to an increase in the viscosity of the melt [42]. The presence 
of water, oxide and protons in chloroaluminate melts can also affect the properties and 
chemistry of the IL by producing species such as HCl, HOCl and [HCl2]- [42]. Protons can be 
removed from the melt by adding EtAlCl2 to produce ethane gas while phosgene (COCl2) can 
be added to remove the oxides that are commonly found in chloroaluminate ILs [45, 46]. 
Despite the reported sensitivity of these ILs to moisture, Kumar and Pawar have used them as 
reaction media in Henry reactions and have added ethyl acetate and water to the end product 
to separate the IL and the product, with the ILs being recycled for further use by drying off 
the water [47]. 
 
Chloroaluminate melts have been produced from pyridinium and imidazolium chloride ILs 
with the presence of longer alkyl chains (for example hmimCl cf. emimCl) increasing the 
viscosity of the melt by enhancing the ability to form more van der Waals interactions [40]. 
The pyridinium-derived melts have a narrower liquid range and higher melting points than the 
imidazolium ones so have been less popular for use as solvents and reaction media [41]. The 
imidazolium ILs also became more popular as melt components because of their lower 
reduction potential, making them unreactive to aluminium and increasing the electrochemical 
window of the melt [42, 43, 48].  
 
Chlorozincate Melts 
In principle, the chlorozincate melts are very similar to the chloroaluminate melts but their 
greater stability in air and water makes them easier to handle and more environmentally 
friendly. The melts are less Lewis acidic and have higher melting points than the AlCl3 
versions, but are still liquid below 100oC so are classed as ILs [37, 49-51]. Varying the zinc 
chloride (ZnCl2) concentration changes the Lewis acidity of the solution, its solvation 
properties, melting point and the electrochemical window.  
73252
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Chlorozincate has also been used in binary mixtures containing choline chloride (CC), a 
quaternary ammonium salt (Figure 2-12), that is inexpensive and readily available.   
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Figure 2-12: Choline chloride 
The melts contain ZnCl3- and Zn2Cl5- and are insensitive to water thus allowing recovery of a 
solute by the addition of water and subsequent drying of the IL by heating [49]. It is not 
possible to produce a Lewis basic melt of CC:ZnCl2 that is liquid at room temperature 
because, at low concentrations of ZnCl2, the dominant anion is ZnCl3- which has a high 
charge density and, as such, forms stronger electrostatic interactions and the IL has a higher 
melting point. Increasing the ZnCl2 content means there is more Zn2Cl5- which has a more 
diffuse charge and the melting point decreases, but at even higher ZnCl2 concentrations, 
Zn3Cl7- dominates giving rise to a higher melting point due to the large molecular mass 
becoming more significant [37]. The melt composition with the lowest melting point (the 
eutectic composition) is a 1:2 ratio of CC:ZnCl2 in which the anion species ZnCl3-, Zn2Cl5- 
and Zn3Cl7- all exist. This type of IL has potential for use, on a large scale, in zinc 
electroplating, in batteries and as Diels-Alder catalysts [52]. 
 
Other Chlorometalate Melts 
Liquid binary mixtures with depressed melting points have been prepared from other 
chlorometalate species including chlorides of tin, iron, boron, copper, cobalt and nickel [12, 
37, 53]. Addition of nickel chloride (NiCl2) to RmimCl ILs, for example, produces dark blue 
hygroscopic liquids, with the ionic formula [Rmim]2[NiCl4] where the nickel is in a 
tetrahedral environment, a configuration which is considered potentially useful in 
electrochemistry and metal deposition work; their melting points increase from 50 to 92oC 
with decreasing alkyl chain length [54]. A similar structure was observed in melts of emimCl 
with cobalt chloride (CoCl2), with a tetrahedral geometry formed by four chlorides around 
each metal where each of the chlorides forms a H-bond to the imidazolium ring, with the four 
chlorides either all coordinating to CH2 of the imidazolium ring (Figure 2-13) or all 
coordinating to CH4 or CH5 of the ring, but never a mixture of both [53]. This H-bonding is 
possible because the charge density of the MCl42- anion is greater than 1, unlike in the AlCl3 
analogues where H-bonding cannot exist.  
 
5 4
N
+
2
N
 
Figure 2-13: Labelled imidazolium ring 
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Other metalate melts have been prepared by mixing choline chloride (CC) with tin chloride, 
hydrated salts of chromium, calcium, lanthanide, lithium, copper and magnesium chlorides 
and zinc nitrate [13, 55]. Interestingly, anhydrous chromium chloride (CrCl3) will not dissolve 
in either a CC:water mix or in the melt that is derived from mixing hydrated CrCl3 with CC, 
suggesting that the water molecules are behaving as ligands rather than as a solvent [55].   
 
2.2.4.2 Eutectic H-bond Donor-Based ILs 
Binary mixtures of quaternary ammonium halides and H-bond donors have been found to 
have depressed melting points due to charge delocalisation caused by interactions between the 
halide and the H-bond donor [3, 56]. Their preparation is simple and inexpensive involving 
combining the two components, with stirring and heating up to 100oC. Unlike the 
chloroaluminate ILs the reaction is not exothermic so the components cannot decompose 
during synthesis [44]. Furthermore, no covalent bonds form during the synthesis making the 
eutectic solvent highly conducting due to the dissociated form of the ions. The eutectic point 
is the ratio of components that has the lowest melting point and viscosity and the highest 
conductivity. These eutectic mixtures are water stable, biodegradable and have a toxicity 
similar to the known toxicity of its components as no covalent bonds or new species are 
formed in their preparation, providing predictable and potentially acceptable toxicity profiles 
[13, 56].   
 
Choline chloride (CC) has a melting point above 300oC and urea (shown with thiourea (TU) 
and malonic acid (MA) in Figure 2-14) has a melting point above 130oC but, at a composition 
ratio of 1:2, the melting point is depressed to 12oC due to H-bond interactions between the 
urea and the chloride which delocalise the anionic charge [44]. The depression in melting 
point is not as great as in the CC:ZnCl2 melts as no covalent bonds are formed between 
chlorine and urea (U) [13]. 
 
NH
2
NH
2
O
 
NH
2
NH
2
S
  OH OH
OO
 
Figure 2-14: Urea, thiourea and malonic acid 
A higher melting point of 69oC for a 1:2 mixture of CC:thiourea compared to CC:urea is 
explained by the weaker H-bonds formed between the thiourea and the chloride [44].  
Carboxylic acids containing one carboxyl group form a eutectic mixture at a composition 
ratio of a 1:2 of CC:acid, with two acid molecules interacting with one chloride ion, whilst for 
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acids containing two carboxyl groups, such as malonic acid, a eutectic point is found at a 1:1 
composition since the acid forms a bridge between two chloride ions [13]. 
 
Substances capable of forming H-bonds are highly soluble in the CC:thiourea IL and, given 
the high anion concentration of the IL, metal oxides will also dissolve [44]. The solubility of 
metal oxides in carboxylic acid-based mixtures is also high, with the extent of dissolution 
depending on the amount of acid present in the melt, thereby allowing these ILs to be used to 
selectively dissolve specific metal oxides [13].  
 
2.2.5   Characteristics Matrix of ILs 
Set out in Table 2-2 is a matrix of a selection of ILs that display one or more of the four 
characteristics described in Section 2.2. 
Table 2-2: Ionic liquid characteristics 
ILs Ability to 
protonate 
Miscibility 
with water 
Flexibility of 
ionic structure 
Ability to 
form eutectics 
ethanolammonium acetate x  x  
emimNTf2  x   
bmimPF6  x   
HBetNTf2 x x x  
P6,6,6,14Cl  x   
protomimCl x    
R(SO3H)mimCF3SO3   x  
R(OH)mimPF6  x x  
protomimNTf2 x x   
emimCl/AlCl3    x 
hpyrCl/AlCl3    x 
CC:ZnCl2   x x 
CC:MA x  x x 
CC:U   x x 
2.3  Synthesis of Ionic Liquids 
The synthesis of ILs, as reported in the literature of specific relevance to the research 
described in this thesis, falls under two main categories: (i) conventional synthesis and (ii) 
rapid synthesis.  A description of each is set out in this section. 
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2.3.1   Conventional Synthesis 
Four types of conventional synthesis are described briefly: (i) quaternisation; (ii) metathesis; 
(iii) acid-base neutralisation; and (iv) the formation of eutectic mixtures. 
 
2.3.1.1 Quaternisation 
The common imidazolium, pyridinium, ammonium and phosphonium halide ILs are prepared 
by quaternisation of the imidazole, pyridine or tertiary amine or phosphine, respectively, with 
a haloalkane. Whilst haloalkanes are cheap and pyridine is inexpensive, the production of 
imidazoles for use in the preparation of ILs is costly and is the main contributor to the total 
cost of imidazolium-based ILs [12]. The quaternisation process is simple and does not have 
high energy requirements although may take hours or even days to run to completion and the 
reactions are often exothermic but temperatures should ideally not exceed 80oC as the 
reaction may be reversed or the product degraded. The prepared halide ILs can then be used 
as the reagents for other ILs by substitution of the anion.  
 
2.3.1.2 Metathesis 
Most ILs containing non-halide anions are prepared by a metathesis reaction of the chloride 
IL with a salt to displace the chloride anion producing an IL, with the same cation and a new 
anion, and a chloride salt by-product. This method of synthesis often results in chloride 
contamination of the IL since it can be difficult to completely remove the chloride species. A 
method that would reduce the risk of halide contamination has been suggested by Vu et al in 
which the metathesis reaction results in a gaseous by-product that will simply evaporate from 
the produced IL, which has the added advantage of removing the need to wash the product 
with potentially hazardous organic solvents to ensure complete chloride removal [57]. 
)()(
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2443
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The gases produced by this process are hazardous, the extent of which needs to be evaluated 
before this synthesis route becomes a popular method of IL preparation. 
 
2.3.1.3 Acid-base Neutralisation 
Acid-base neutralisation is a simple and effective means of preparing protic ILs by the 
addition of an acid to a base. For the IL to form, the equilibrium of the reaction must lie such 
Chapter 2  Anna Gooding 
 
-35- 
that the proton transfers preferentially to the base to form a protonated cation rather than 
residing with the acid. The reactions are exothermic so reagents are usually dissolved in a 
solvent and additions are performed dropwise in order to minimise over-heating.  
 
2.3.1.4 Formation of Eutectic Mixtures 
The binary eutectic mixtures are quick and easy to prepare as the two components are simply 
combined until a homogeneous solution is produced. In some cases the eutectic composition 
must be reached for the IL to become a free-flowing liquid and, in other cases, a range of 
compositions will be liquidous. In the case of the mixtures containing aluminium chloride, 
care must be taken on the addition of AlCl3 to the imidazolium chloride IL as it is a strongly 
exothermic reaction. To avoid localised hotspots in the reaction vessel, which may lead to 
decomposition of the IL, the AlCl3 should be added in small aliquots, with vigorous stirring 
whilst keeping the reaction vessel cool [42]. Synthesis of chloroaluminate melts is usually 
performed in a dry box as this type of IL is extremely sensitive to moisture. In the case of ILs 
to be used in an industrial application, where the presence of water is unavoidable, it is not 
necessary to perform the synthesis in a dry box. Instead the ILs can be prepared under a dry 
solvent, nitrogen or argon to keep the atmosphere dry and inert [42, 47, 58]. The ILs are 
sometimes treated with phosgene after synthesis for purification purposes [38]. While the 
chloroaluminate melts are prepared either within a few hours at room temperature or with a 
cooling water or ice bath, reported syntheses of the chlorozincate melts involve heating the 
two components under vacuum, nitrogen or argon for 2 days at 90-120oC [50, 51, 59, 60]. The 
chloroaluminate ILs should be stored under vacuum to prevent decomposition due to moisture 
but such measures are not required for the zinc chloride containing binary mixtures which do 
not decompose [37].   
 
The choline chloride melts with zinc chloride, malonic acid and thiourea are simple to prepare 
by heating at 80-120oC for up to 1 hour, or until a homogeneous solution is observed. It is 
reported that the eutectic point for the CC:ZnCl2 melt is at a molar ratio of 1:2 and is achieved 
by stirring and heating at 80-120oC [37]. The molar ratios of the eutectic mixtures, as reported 
in the literature, are: 1:1 for choline chloride:malonic acid (CC:MA) [52, 61] and 1:2 for both 
choline chloride:thiourea (CC:TU) and choline chloride:urea (CC:U) [44, 61, 62].  
 
2.3.2 Rapid Synthesis 
Conventional methods used for the synthesis of ILs can involve reactions requiring stirring 
and heating of starting reagents over long periods, a large excess of reagents and the use of 
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organic solvents as a reaction medium to achieve reasonable yields. Methods involving 
shorter synthesis times are therefore attractive and, of the rapid synthesis methods used for the 
preparation of ILs, such as microwave-assisted radiation, ultrasound radiation and one-pot 
synthesis methods (as described by Kewchareonwong, 2011 [63]), the method used in the 
current research is microwave-assisted synthesis. 
 
2.3.2.1 Microwave-Assisted Synthesis 
Microwave energy is radiation with wavelengths 1m-1mm in the energy range 0.3-300 GHz 
(a domestic microwave oven, for example, operates at 2.45 GHz).  Polar molecules, with a 
dipole moment, are microwave active because they continually rotate while trying to align 
with the oscillating electric field of the microwave radiation. As the molecules in the material 
rotate they collide and the electromagnetic energy is converted into kinetic, translational 
energy which converts to heat. The heating efficiency is governed by two factors, the 
dielectric constant (the polarisability of a molecule in a microwave) and the dielectric loss 
(the efficiency of the conversion of the electromagnetic radiation into rotational energy) [64]. 
The starting reagents for the preparation of ILs have limited polarity so do not heat efficiently 
under microwave radiation, however, the presence of water in the reagents allows more rapid 
heating to take place. The water in the system absorbs microwave energy which is translated 
into heat by the rotation and collision of the water molecules with other molecules in the 
solution. As the solution is heated, the starting reagents have enough energy to react and the 
ILs begin to form. As soon as this happens the efficiency of the heating of the solution 
increases dramatically, as the ions produced are excited by ionic conduction - a second 
heating mechanism induced by the application of microwave energy to the ions [65, 66]. The 
electric field produced causes the positive ions to accelerate in one direction and the negative 
ions in the other [67]. Collision of the ions with other molecules (the reagents) in solution 
transfers the kinetic energy to the molecules which become agitated and produce heat. The 
sudden increase in heating rate in some areas of the solution can cause localised over-heating, 
known as hotspots, which may degrade the IL or produce unwanted products. In addition, the 
IL synthesis reactions can also be extremely exothermic, with recorded temperatures 
increasing from 80 to 160oC in a matter of seconds when heated in an oil bath at a constant 
temperature of 100oC [66].   
 
It is possible to synthesise ILs using laboratory or even household microwave (MW) ovens 
resulting in considerably shorter preparation times without the use of excess solvents and 
reagents [65, 68-70]. There are several variations on the conventional synthesis of bmimCl, 
for example, that involve heating the reagents at 60-75oC with stirring for 24-96 hours, and, in 
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some cases, using acetonitrile as a solvent in a dry box, under nitrogen or under pressure [2, 7, 
71-77], whilst bmimCl can be prepared (in 96% yield) via microwave irradiation using an 
Anton Paar closed-vessel microwave oven with a total reaction time of 32 minutes and by 
heating the reagents to 170oC without the use of organic solvents [78]. The reactivity of the 
halides allows quick and easy synthesis by microwave irradiation [68, 79, 80], but, reactions 
involving longer chain haloalkanes require longer synthesis times and care must be taken to 
ensure that the IL does not begin to decompose during the extended irradiation periods [69, 
79]. Due to the low boiling points of haloalkanes and the high temperatures reached inside the 
microwave oven, the use of an open vessel can result in loss of reagent as a hazardous vapour 
[68]. Such losses, however, can be prevented or reduced by limiting the power levels used, 
immersing the reaction vessel in a water bath or using a closed-vessel microwave system, thus 
increasing the IL yield, particularly for short chain alkyl chlorides which have lower boiling 
points [68, 81, 82]. An excess of haloalkane is used in the open vessel to improve yields and 
also in the closed vessel to act as a heat sink to avoid the over-heating of the reaction and 
thereby prevent decomposition and charring [79]. It is considered that the optimum 
temperature for the preparation of an IL is the average of the boiling points of the two 
reagents and a better control of the temperature of the system can be achieved by using a 
laboratory microwave such as the Anton Paar Multiwave 3000.  
 
Laboratory microwave ovens, originally designed for acid digestion reactions, are capable of 
being programmed by the user to provide a controlled temperature and pressure regime over a 
given reaction time. The temperature is monitored by both infrared (IR) and probe 
thermometers. Using a slower temperature ramp or a 30% excess of a non-polar reagent, 
which acts as a heat sink because it is microwave-inactive [78], reduces the risk of heating the 
reaction mixture above the desired maximum temperature which can be caused by the 
increased microwave absorption of the IL compared to the reagents. Some laboratory 
microwave ovens allow the user to input the relative microwave radiation absorptivity of the 
substance being heated, for example, in the case of an IL, a setting of “high” or “very high” 
may be selected in order to reduce the microwave power level to which the sample is 
subjected to reach the desired temperature [66].  The IL, bmimCl, which has proven to be 
difficult to prepare in a household microwave oven due to the high volatility of chlorobutane, 
has been prepared in 91% yield by Khadilkad and Rebeiro in a closed-vessel microwave 
system, by carefully controlling the temperature of the reaction and preventing loss of 
chlorobutane as vapour [83]. Observation of the temperatures achieved inside a reaction 
vessel during preparation of 1-butyl-3-methylimidazolium bromide (bmimBr) in the Anton 
Paar Monowave 300 highlights the difficulties of maintaining control during the exothermic 
reaction and subsequent increased microwave absorption of the product [66]. The reaction 
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temperature was set at 100oC and controlled by an external IR thermometer whilst being 
monitored internally by a fibre-optic thermometer and an overshoot of 80oC was experienced. 
When compressed air was used to cool the reaction intermittently the overshoot was recorded 
internally as 25oC, although the external IR thermometer did not record an overshoot. An 
alternative microwave heating method has been considered in which the reaction vessel is a 
material that absorbs microwave radiation, shielding the IL from the microwaves but heating 
up in order to transfer the energy to the reactants, removing the problem of increased 
microwave absorptivity of the product compared to reactants [66]. 
 
Most commonly the ILs that are prepared by microwave-assisted synthesis are the 
imidazolium or pyridinium halide ILs, but a chloroaluminate melt of bmimCl and AlCl3 has 
also been reported to have been prepared by heating for short periods in a microwave oven 
[84]. Deetlefs and Seddon, however, have commented that this synthetic method cannot be 
possible due to the moisture and air sensitive nature of aluminium chloride and the IL product 
[79, 84] and, furthermore, the conventional synthesis of this type of IL does not involve 
heating and the reaction is complete within an hour, so the use of microwave radiation is 
unnecessary. The chlorozincate ILs, however, require heating to higher temperatures (90-
120oC) for up to 48 hours under dry nitrogen or argon to produce a homogeneous liquid [50, 
51, 59, 60, 85]. The conditions are quite harsh and the chlorozincate ILs are less reactive to 
moisture and therefore synthesis by controlled microwave radiation could reduce time and 
improve energy efficiency. Imidazolium halide ILs have also been reacted under microwave 
radiation with ammonium tetrafluoroborate to produce hydrophobic imidazolium BF4-ILs 
which could be washed with water to remove the ammonium halide salts that precipitate 
during synthesis [69]. This method avoids the use of strong acids and silver salts, reduces 
preparation times and improves yields. 
 
Benefits of synthesis assisted by microwave radiation include higher purity, more rapid 
preparation, higher reagent conversion, easier work-up of product, the use of readily available 
and inexpensive equipment, less loss of starting materials and less use of volatile organic 
solvents [69]. Although these benefits have been proven on a laboratory scale by a number of 
research groups, and microwave technology has been used in IL applications in the food, 
rubber and wood processing industries [86], there are concerns that the use of microwave 
radiation for the preparation of ILs, on an industrial scale, could be limited by the low 
penetration of microwaves and, the consequent constraint on the size of the reaction vessel 
[87].  
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2.3.2.2 Ultrasound-Assisted Synthesis 
Ultrasound-assisted synthesis can be used to prepare ILs where the reagent mix is 
heterogeneous as it increases mass transport and induces mixing, although the success of IL 
preparation by this method is debated in literature [80, 87]. Ultrasonic radiation sends 
pressure waves through the liquid causing micrometre bubbles to form and grow in the 
mixture [88]. These cavitation bubbles have high energy and when they reach unstable sizes 
will implode violently, releasing energy which results in dramatic localised heating, an 
increase in pressure and intense shock waves which cause the reagents to be mobilised and 
react [86, 87]. This method avoids the risk of over-heating that occurs with microwave 
radiation and removes the problem of mixing very viscous materials.  Due to the unreactive 
nature of the alkyl chlorides, the ultrasonic field has to be produced within the reaction vessel 
in order for enough energy to be supplied for the reaction to begin and the IL to form [69, 89]. 
Solid IL products may be of a higher purity when prepared using ultrasound-assisted 
synthesis rather than conventional methods, due to improved mixing in these heterogeneous 
systems. Unfortunately the ILs have been found to begin to decompose before the reaction is 
complete and so the yields can be low and large volumes of organic solvents are required to 
remove unreacted starting materials [87].  
 
Three papers by Cravotto et al [80, 88, 90] have reported the use of the combined microwave 
and ultrasonic radiation which allows faster reaction times and potentially higher yields due to 
improved mixing, with low energy input, and, specifically, its combined use in the synthesis 
of a selection of imidazolium and pyridinium BF4-, PF6- and NTf2- ILs via a one-step reaction 
of the amine with the alkyl chloride and potassium salt. 
 
2.4  Application of Ionic Liquids of Relevance to this Research 
 
The ability to alter the properties of ILs offers the potential for many different applications 
and it is this potential that continues to drive and expand research relating to their 
development and use.  
 
The discussion here is focused only on those applications of specific relevance to the current 
research, in particular: (i) their role as solvents; and (ii) their role as solvents in extractions. 
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2.4.1   Role of ILs as Solvents 
The role of ILs as solvents is discussed in the context of the mechanism of solvation and the 
extent of their application as solvents. 
 
2.4.1.1 Mechanism of Solvation in ILs  
Ionic liquids are excellent solvents for organic, inorganic and polymeric materials because the 
diffuse charge of the bulky cations reduces inter-ion interactions allowing high solvation [7, 
91, 92].  Dissolution is high due to the number of different interactions the IL ions can have 
with solutes. The cation can be an H-bond donor at the same time as the anion can accept H-
bonds such that the ionic nature of the IL promotes ionic bonding. Other possible interactions 
are dipole-dipole, van der Waals and aromatic, such as π-π or CH-π, but ILs are non-
derivitising and covalent bonds are unlikely to form during dissolution [3, 26, 93, 94]. The 
overall dissolution property of a system results from a combination of the possible 
interactions and therefore depends on the cation and anion of the IL, as well as the solute 
itself [26]. The acidity of an IL and therefore its coordination ability depends upon the nature 
of the anion. For example, chloride and nitrate are basic and strongly coordinating anions 
while NTf2-, BF4- and PF6- are acidic and only weakly coordinating and Al2Cl7- is non-
coordinating [3, 6]. It has been suggested that aromatic compounds are soluble in ILs due to 
their polarisable π-electrons while the solubilisation of organic acids in ILs is much more 
complex [95]. Ionic liquids will dissolve both ionic and covalent compounds but polar 
compounds are generally more soluble than apolar compounds and aromatic solutes are more 
soluble in more hydrophobic ILs [3, 33]. The dissolution of solutes in ILs requires a space to 
be created in the IL for the solute to move into, a process which can be energetically costly 
due to the strong inter-ion forces that exist in ILs and the ability to form the cavity will 
depend upon the charge density of the ions [8, 96]. If the interactions that will be formed 
between the solute and IL are stronger than those between the IL ions, then a cavity can be 
produced and the solute dissolved. In some cases a solute can be dissolved into and move 
through the IL without causing a great deal of perturbation to the structure and organisation of 
the IL [97].  
 
Ionic liquids can be designed to selectively solubilise particular substances from a mixture by 
changing the anion or altering the lengths of the alkyl chains or introducing a functional group 
to the cation and thus creating a TSIL. Two examples are the addition of an amine to the alkyl 
chain of an imidazolium IL which can then interact physically and chemically with CO2 and 
therefore absorb more CO2 [98], while changing an anion from PF6- to BF4- and shortening 
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the alkyl chain length on an imidazolium cation, can increase the partition coefficient for an 
amino acid from water to IL [99]. Due to the complex mix of interactions that can occur in an 
IL solution, it is not currently possible to predict which IL will dissolve most solute and to 
draw a conclusion such as that of Wang et al, 2005, systematic laboratory experimentation is 
required. A change in the pH of the system can significantly alter the extent of solvation, for 
example acidification of a hydrophobic IL by contacting it with nitric acid can increase the 
extraction efficiency from an aqueous phase [100]. The speed of partitioning of a solute into 
an IL can also be increased by raising the temperature and so decreasing IL viscosity and 
improving mass transport [94]. The presence of water in the system may or may not have an 
impact on the ability for an IL to dissolve a solute and it has been suggested that due to water 
interacting with the anion of the IL, the dissolution of positive species will be most affected 
by the presence of water which would be competing with the water to interact with the IL 
anion [101]. 
 
A number of studies have used computer simulations to model solvation into an IL, but it is 
important to note that, in all cases, assumptions about the system have been made in order to 
simplify the calculations [73, 101-104].  For example, some models observe just a few solvent 
ions and solute molecules rather than the bulk solution, some models study simple ILs (such 
as the symmetric 1-methyl-3-methylimidazolium (mmim) cation) with simple solutes and 
other models neglect such interactions as H-bonds, instead concentrating on the electrostatic 
and steric hindrance interactions [96, 101, 103, 105]. Moreover, the heterogeneous nature of 
ILs makes predicting behaviour and interactions of a solute with the IL ions difficult [105]. 
Conclusions have been drawn that the cation is usually responsible for initial solvation 
mechanisms over a short time period, but the total solvation ability of an IL depends mostly 
on interactions involving the anion [94, 102]. Computer simulations of the solvation of 
glucose in a chloride IL showed that the cation of the IL only interacts weakly with glucose, 
and its presence in the vicinity of the solute is due to pairing with the chloride anions of the IL 
that are H-bonded to the solute [104]. Laboratory-based research has shown that when the 
alkyl chains of the imidazolium contain oxygen atoms, more glucose dissolves and solubility 
is influenced more by the anion than the cation. For example, dicyanamide-based ILs are 
reported to be more effective than BF4-based ILs, an observation explained in terms of the 
dicyanamide (dca-) accepting H-bonds more readily, which is in agreement with the 
computational conclusions [106].  
 
Despite the insolubility of cellulose in water and many organic solvents, it can be dissolved in 
high concentrations in ILs, which has resulted in a lot of work focussed on the mechanism of 
this dissolution.  Cellulose is polar and contains hydroxyl groups which result in H-bonding 
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between the chains of the molecules. It is reported that this makes cellulose insoluble in many 
solvents, but the chloride anion of ILs can break these H-bonds and bring the cellulose into 
solution, evidenced by ILs of lower effective chloride concentration (i.e. larger cations) 
dissolving less cellulose [107]. Lindman has questioned this theory, suggesting in fact that 
strong H-bonding in cellulose should also promote its solubility in water, but it is 
hydrophobic [108].  It is noted that the ILs that dissolve cellulose contain amphiphilic cations 
(containing both polar and non-polar regions), similar to cellulose, suggesting that 
amphiphilic interactions are responsible for the dissolution of cellulose in ILs. 
2.4.1.2 Extent of Application 
The ability of ILs to dissolve organics, inorganics and polymers in high quantities has resulted 
in a lot of attention being focussed on their use as solvents in various applications. This 
section considers primarily the application of ILs as solvents, with additional references to 
some non-solvent applications. Their use as solvents in organic chemistry has been significant 
as a medium to carry out organic reactions with improved catalyst recycle, ease of product 
recovery, rate of reaction, product yield and selectivity of products [3, 109].  Due to the 
ability of ILs to absorb microwave radiation, they can be used as solvents in microwave-
assisted organic synthesis to heat non-polar reagents very efficiently [110, 111]. They are also 
popular in electrochemical applications due to their high conductivity, wide electrochemical 
windows and liquid range. Their high decomposition temperatures make them ideal as 
thermal storage fluids due to their efficient energy storage capacity and as replacements for 
mercury in thermometers and lunar liquid mirror telescopes, as they have a wider liquid range 
[112]. Given their ability to absorb gases, ILs have also been used in the removal of SOx and 
NOx from industrial flue gases and for the removal of H2S and CO2 from natural contaminated 
gas [113, 114]. Furthermore, ILs have the potential to reduce CO2 emissions by replacing 
current energy intensive processes with low temperature IL technologies and so reducing 
fossil fuel consumption [115].  
 
The toxicity of ILs to bacteria makes them suitable as antiseptics and disinfectants and in the 
embalming process for tissue preservation [15]. Other potential applications include ILs as 
lubricants, compressor fluids, optical immersion fluids and active pharmaceutical ingredients 
as well as use in capillary electrophoresis, sensors, ion-selective electrodes, spectroscopy, 
mass spectrometry, the recovery of biofuels, deep desulfurisation of diesel oil, solar cells, 
nuclear fuel processing, membrane technology, microextraction and the storage of hazardous 
gases [5, 15, 116]. ILs have been applied to chromatographic methods, as the stationary phase 
in high performance liquid chromatography and gas chromatography, and, as additives to the 
mobile phase of liquid chromatography to improve resolution and chiral ILs have been 
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reported to separate enantiomers [2, 116, 117]. Ionic liquids are becoming increasingly 
popular in the area of nanotechnology due to the highly structured heterogeneous nature of 
ILs at the nano-level, as they contain both polar and apolar regions [8, 18].   
 
In terms of large-scale application, one of the earliest industrial applications of ILs was by the 
Eastman Chemical Company who were producing 1400 tonnes/year of 2,5-dihydrofuran 
between 1996 and 2004 utilising trioctyloctadecylphosphonium iodide (P8,8,8,18I) as a solvent 
and co-catalyst [3, 118]. The use of an IL allowed the catalyst to be easily recovered by 
distillation, and recycled [119]. The Institut de France de Petroleum (IFP) has been running 
the Difasol process since 1998, in which acidic organochloroaluminate ILs are utilised in a 
continuous and biphasic system to allow easy separation of the product (octane) by gravity [3, 
15, 120]. Benefits include reducing catalyst disposal and cost (due to ease of recycle of IL 
containing catalyst), as well as the IL acting as a catalyst itself to achieve better product 
selectivity and greater yields in a smaller reaction vessel [118, 119].  
 
As well as preparing ILs on a tonne scale, BASF run an acid scavenging process called 
BASIL, in which 1-methylimidazole is protonated to form the protic IL, methylimidazolium 
chloride, which can be separated from the reaction mixture. A base is then added to the protic 
IL to regenerate 1-methylimidazole which can be recycled. The use of an IL rather than the 
conventional triethylamine avoids the precipitation of a solid side product which required 
slow filtration and has resulted in a reduced reactor volume and an increase in space time 
yield from 8 kg/m3/h to 690,000 kg/m3/h and the yield increased from 50% to 98% [15, 118, 
119].  BASF are also interested in ILs for cellulose dissolution and aluminium plating and as 
long ago as 1990 were using an IL as a catalyst for phosgenation reactions [118, 121]. 
Degussa have shown an interest in a number of different applications for ammonium ILs 
including solvents in hydrosilylation, paint additives to improve their finish, appearance and 
drying properties and in Li-ion batteries [15, 118].   
 
PetroChina runs one of the largest processes that utilise ILs, Ionikylation, in which a sulfuric 
acid alkylation process was retrofitted to include a strong Lewis acidic chloroaluminate melt 
which increased the yield and capacity of the plant with economic benefits [118, 122]. The 
incompressibility of ILs has resulted in Linde producing an ionic compressor, or liquid piston, 
whereby an IL can be used to compress a gas with which it is immiscible [3, 118]. The 
hydrogen is compressed for use in hydrogen-powered vehicles with high efficiency, low 
maintenance, low noise and allowing fast and safe filling of the vehicles [123].  Ionic liquids 
are being used by AirProducts for the delivery and storage of hazardous gases such as 
phosphine and borane [3].  Lewis acidic gas can be stored in Lewis basic ILs (and vice versa) 
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by chemical complexation, rather than physical adsorption, and recovered by applying a 
vacuum [3, 118].  This technology puts less strain on the gas cylinders and is safe, effective, 
easy to handle and reduces the hazards and risks associated with the transport and storage of 
reactive gases. Exxon Mobil are using Lewis acidic ILs for biphasic rhodium catalysis 
carbonylation, while Eli Lilly and Co. are producing phenols using multi-kilogram quantities 
of molten protonated pyridinium chloride for demethylation [15, 118]. Other industrial or 
commercial areas of interest include petrochemical refining, emulsification, CO2 removal 
from gas streams, lithium batteries, metal plating, solvents in organic synthesis, dye-sensitised 
solar cells and the production of pharmaceutical intermediates [118, 122]. 
 
The amount of interest that has been shown by various industries and companies in IL 
technologies highlights that despite the expense of IL preparation, commercial businesses 
consider that their use is economically viable. Furthermore, the current industrial processes 
already in operation can allay concerns that IL-based systems may not be feasible on an 
industrial scale and can confirm the plausibility of retrofitting current conventional processes 
with an IL technology to improve the economics of an industrial process. 
2.4.1.3 ILs as Solvents for Metals 
The dissolution of a solute into an IL is a complex process that can be difficult to understand 
and with so many potential ILs it is difficult to predict which IL will dissolve a selected 
solute, until more is understood about all the possible interactions and combinations of 
interactions [124]. Developing an understanding of the dissolution of species in ILs has been 
further complicated by the lack of reliable and consistent data [125]. Metal solutes are no 
exception, the possible mechanisms of dissolution are now briefly discussed and the reported 
solubility of a variety of metals and metal compounds in ILs have been reviewed in order to 
identify potential ILs as solvents for metals. A list of papers reporting the extent of metal and 
metal salt solubility in hydrophilic, hydrophobic and “eutectic” ILs is presented in Table 2-3 
and Table 2-4. 
 
Metal salts can dissolve in an IL via exchange of the solute and solvent ions, however, in a 
biphasic extraction this could result in the loss of part of the IL, removing the ability to 
regenerate the IL after recovery of the solute [100]. The simplest method for dissolution of a 
metal in an IL is to utilise the common ion effect by dissolving the transition metal salt with 
the same anion as the IL [126]. Other methods include dissolving the metal in a volatile 
solvent and then mixing that solution with the IL before evaporating the solvent, or using an 
extractant to form a metal complex that dissolves in a hydrophobic IL, as hydrated metal ions 
are unlikely to move into a hydrophobic IL [3, 127]. Metal salts are poorly soluble in ILs with 
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non-coordinating anions but copper and iron can interact with the nitrogen of the weakly 
coordinating NTf2- anion, and strongly coordinating anions can form a highly coordinated 
metal-anion complex, as is the case in the dissolution of metal chlorides in dca-ILs [3, 29, 
126]. Imidazolium ILs can coordinate with transition metals to form complexes but metal 
salts have low solubility in RmimNTf2 because the weakly coordinating properties of the ions 
do not have high enough solvation energy to break the binding interactions of the metal 
compounds in the solid state [11, 23]. Although covalent metal oxides are insoluble in DES 
ILs, more ionic metal oxides are soluble [61] and have been found to coordinate via the 
alcohol group of choline chloride [44]. Other functional groups that are suggested to promote 
the dissolution of metals are amino, hydroxyl, thioether, carboxylic acid and olefin groups 
[23, 116, 128].  Metal oxides such as CuO dissolve better in HBetNTf2 due to the carboxylic 
acid functional group being a better coordinating group than the alcohol group of choline 
chloride ILs.  Rare earth oxides react with the carboxylic acid functional group of the cation 
to form -COO-M +H2O and with water present the carboxylic proton is more mobile and so 
dissolution is quicker [129].  
 
Many of the reported investigations into metal dissolution in ILs have been concerned with 
the transfer or extraction of metal ions from aqueous and often acidic solutions, and, 
therefore, involve the use of hydrophobic ILs. In extractions from solid waste, however, 
hydrophilic ILs may be as appropriate as hydrophobic ILs.   
2.4.2   Role of ILs as Solvents in Extractions 
The role of ILs is discussed in the context of the mechanism of extraction in ILs and the 
extent of their application as solvents in extractions. 
 
2.4.2.1 Mechanism of Extraction in ILs 
Ionic liquids can dissolve materials selectively and thereby extract targeted molecules from a 
mixed system, either by phase transfer from a liquid or by direct dissolution from a solid 
matrix. Extractions can be used to recover value, for example gold from an ore, or to remove 
unwanted materials in a purification step, for example sulfuric compounds from diesel. There 
have been a number of reviews published concerning the use of ILs as solvents in extractions 
and separations. Some reviews have concentrated primarily on separations in analytical 
techniques [117, 130, 131], some have a broader scope [132, 133] and others are more 
specific – for example IL use in hydrometallurgy [128], the treatment of spent nuclear waste 
[134] or the extraction of organics [135]. A review by Abbott et al [136] discusses the use of 
ILs as solvents in the processing of metals and metal oxides, including extractions. 
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Table 2-3: Solubility of metal oxides in ILs reported in literature 
 MnO MnO2 MnO4 FeO Fe2O3 Fe3O4 CoO Co3O4 NiO CuO Cu2O ZnO HgO PbO PbO2 Co(OH)2 
bmimBr            [111]      
bmimPF6          [137]        
HBetNTf2 [23]   [23]  [23]  [23]  [23]  [23]  [23]  [23]  [23]   [23]  [23]  [138]   [138]  
P6,6,6,14Cl 
            [139]     
neutral emimcl/AlCl3      [140]            
CC:U [61]  [141]   [61]  [141]  [141]  [61]  [61]  [61]  [141]  [61]  [141]    [141]   
CC:U:EG            [142]   [142]    
CC:MA [61]  [61]   [61]  [61]  [61]  [61]  [61]  [61]  [61]  [61]  [61]      
CC:EG [61]  [61]   [61]  [61]  [61]  [61]  [61]  [61]   [61]  [61]      
Red=reported to be insoluble, green = reported to be soluble 
  
-47- 
 
Table 2-4: Solubility of metals and metal chlorides in ILs reported in literature 
  Fe Zn(II) Cu(II) FeCl2 CoCl2 NiCl2 CuCl CuCl2 ZnCl2 HgCl2 PbCl4 SnCl2 SnCl4 
emimCl      [143]        
bmimCl       [144]        
NmimBF4 and NmimPF6  [133]  [133]    [145]         
emimdca      [144]  [144]   [144]    [144]   
bmimPF6   [137]       [146]      
bmim HSO4 [147]   [147]           
bmimNTf2    [146]      [146]      
HBetNTf2        [23]       
P6,6,6,14Cl      [148]         
basic emimCl/AlCl3    [149]     [149]      [149]  
neutral emimcl/AlCl3      [149]  [149]  [149]       
acidic emimCl/AlCl3    [149]  [149]  [149]  [149]  [149]   [149]  [149]   [149] 
basic bpyrCl/AlCl4    [149]  [149]  [149]   [149]      
acidic bpyrCl/AlCl3    [149]  [149]  [149]  [149]  [149]       
emimCl/ZnCl2    [149]  [149]   [149]        
basic emimCl/ZnCl2     [150]         
neutral emimCl/ZnCl2     [149]   [151]        
emimCl/EG     [144]         
Red=reported to be insoluble, green = reported to be soluble 
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As previously discussed, there are a number of different interactions that can occur between a 
solvent and a solute depending on the nature of the materials, including the solute, the IL, the 
source phase and any other extractants and solvents present in the system. Some solutes 
dissolve in ILs by exchanging an ion with the IL but this would result in the IL breaking down 
and in a liquid-liquid extraction, part of the IL may be lost to the aqueous phase and would 
therefore not be recyclable for further use [100].  
 
Hydrophobic ILs with long alkyl substituents behave more like organic solvents and 
extraction efficiency can be very dependent on acidity [124]. The ability of imidazolium ILs 
to coordinate with metal atoms makes them potential water treatment agents, however, the 
hydrated metals of the aqueous phase would not favour transfer into a hydrophobic IL phase 
[11, 152]. Extractants, such as dithizone, can easily be dissolved in the IL to form complexes 
with the metals that will then be transferred from the aqueous to the solvent phase. The 
coordination, speciation and extraction mechanism of the metal-extractant complexes is 
different in an IL to an organic solvent, with charged complexes moving into an IL phase but 
neutral complexes moving into an organic phase [124]. The problems and cost of disposal of 
the spent extractants detract from their use in green applications, so it is preferable to design 
an IL, that will act as the extractant and the solvent, by functionalising alkyl chains with 
groups that will coordinate with the solute [153].  For example, thiourea functional groups in 
the alkyl chains of imidazolium cations co-ordinate selectively with mercury and two 
imidazolium cations containing a tertiary amine and two carboxyl groups can chelate in a 
tridentate manner with copper [33, 137]. Extending the length of the alkyl chains of the cation 
or replacing the cation (for example, replacing a halide with an NTf2- or PF6- anion) can 
increase the hydrophobicity of an IL which enables biphasic extraction from aqueous 
solutions [73]. The number of different mechanisms that can act on the target molecule for 
extraction from one phase to an IL and the combination of these mechanisms can make 
prediction of extraction behaviour difficult [124]. The development of a more thorough 
understanding is still required in order to design ILs for extractions. 
 
2.4.2.2 Extent of Applications of ILs as Solvents in Extractions  
A number of reviews report the use of ILs as solvents in extractions and a summary of a 
selection of these is presented in Table 2-5. Many of the examples do not use the IL alone as a 
selective solvent – chelators and extractants are commonly dissolved in an IL and therefore 
the IL is not responsible for the dissolution of the solute. It is also common for the IL to be 
attached to, or immobilised on, a solid matrix, particularly in micro-extractions where only 
small quantities of ILs are being employed and could otherwise be easily lost to the aqueous 
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phase. There are also many examples where the IL itself is responsible for the extraction of 
the solute, usually from an aqueous phase, an approach which is of interest to this work since 
the use of extractants can lead to an increase in waste production and process costs. In 
adopting this approach, it is important that the mechanism of extraction does not degrade the 
IL, or at least does not irreversibly change its structure and behaviour and it must be possible 
to remove solutes from the IL after extraction. Successful recycle of ILs in extractions have 
been reported for the  extraction of trivalent rare earth metals, in which the IL 1-butyl-3-
methylimidazolium tetrafluoroborate (bmimPF6) was reused four times without a significant 
decline in extraction efficiency [73]. 
 
Ionic liquids have become popular as solvents in micro-extractions with examples including 
extraction of zinc from water and milk using hpyrPF6, lead using bmimPF6, and lead and 
nickel from water samples using hmimPF6 [117].  In order to avoid the loss of the IL to the 
liquid phase it can be immobilised by impregnating it on to a resin or solid matrix, this tends 
to be utilised in micro-extractions as the quantities of IL used are so small it is easy for them 
to be lost in the process [139, 154-156].  As well as liquid-liquid and solid-liquid extractions, 
ILs have been used to separate gaseous substances such as H2S, SO2 and CO2 using supported 
liquid membranes by selective transport through the membrane [117, 157-159].  
 
Although bmimCl is hydrophilic and therefore cannot be used in aqueous biphasic 
extractions, K3PO4 can be added to an IL-water solution to create a biphasic system due to the 
water-structuring effect of the added salt [124]. This method has been used to extract TeO4- 
from aqueous nuclear tank wastes, and, separately, proteins from biological fluids into 
bmimCl without the use of an extractant [74, 124]. Also, the addition of sodium chloride to an 
aqueous phase can significantly improve partitioning of Zn2+ to hmimPF6 due to the 
production of negatively charged ZnCl42- ions which are more efficiently extracted than 
positively charged ions [153].  
 
Microwave irradiation can be utilised to assist extractions in ILs due to ILs having a very 
rapid heating rate resulting in high extraction yields in much reduced times. For example 
bmimBr and bmimBF4 have been used to extract valuable substances from medicinal plants, 
and the rate and quantity of cellulose dissolution in bmimCl is reported to increase on heating 
with microwave radiation [107, 116, 160].   
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Table 2-5: A selection of the publications concerning extractions using ILs 
 Extraction of From Ionic Liquid Notes Ref. 
Gas Extractions 
 SO2 CO2 hmimNTf2  [158] 
CO2 N2 bmimBF4 Presence of a little water helps. 
Supported IL membrane 
separation 
[157] 
H2S, CO2 Dry fuel gas streams ether functionalised ammonium 
IL 
 [159] 
Environmental Treatment 
 Bitumen Oil and tar sands bmimTfO, bmmimBF4, 
bmmimTfO 
 [161] 
DDT, dielgrin, 
hexachlorobenzene, 
pentachlorophenol 
Soils bmim PF6 and bmimCl  [94] 
Chlorophenols  Contaminated water emimNPf2, bmimPF6  [162] 
Lead and Nickel Aqueous environmental and 
biological samples 
hmimNTf2 Single-drop microextraction with 
complexant 
[163] 
Mercury Aqueous (polluted water) btmsimPF6 Chelator [164] 
Extraction of Natural Products 
 Amino acids Pharmaceutical samples, 
fermentation broth 
bmimPF6 With and without a crown 
extractant 
[165] 
L-tryptophan Fermentation broth Rmim BF4 and PF6  [99] 
Proteins Biological fluids bmimCl Use K2HPO4 to produce 2 phases [74] 
Fat Chocolate pmimBr  [166] 
Cellulose and lignin Wood bmimCl Use DMSO to reduce viscosity [167] 
Liquiritin and glycyrrhicin Liquorice [poly-4-vinylpyridine+butyl 
chloride] 
Adsorbs onto IL polymer [168] 
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 Extraction of From Ionic Liquid Notes Ref. 
 Myricetin and quercetin Medicinal plants im and pyr ILs Microwave assisted hydrolysis 
and extraction 
[169] 
Lactones Chinese medicinal herb protic ammonium propionate Microwave assisted [170] 
Fuel Refining 
 Sulfur compounds Diesel fuel and FCC gasoline bmimBF4, emimEtSO4 
bmimOcSO4 and ammonium, 
chloroaluminates 
 [171, 
172] 
Sulfur-containing compounds Real natural gas 75 common ILs  imidazolium and ammonium 
most successful 
[173] 
Sulfuric aromatic compounds Diesel fuel hmimNTf2  [174] 
Aromatic heterocyclic S-
compounds 
Diesel RpyrBF4  [175] 
Extraction of Organic Compounds 
 Aromatic and aliphatic 
hydrocarbons 
From each other emimNTf2 and P6,6,6,14NTf2 Mutually immiscible ILs [176] 
Simple benzene derivatives Aqueous solution bmimPF6  [75] 
Polycyclic aromatic 
hydrocarbons  
Aqueous solutions PF6 ILs,  long chain RmimBr 
ILs 
Single drop microextraction 
GC-MS 
[177, 
178] 
Phenol, tyrosol, 
hydroxybenzoic acid 
Aqueous solutions RmimBF4 and PF6  [153] 
Extraction of Metals from Aqueous Solutions 
 Strontium nitrate Aqueous solutions Rmim NTf2 and PF6 ILs Using crown ether [179] 
Lithium, sodium, caesium, 
calcium, strontium, lanthanide 
nitrates and chlorides 
Aqueous solution Rmim NfO Cation exchange [180] 
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 Extraction of From  Ionic Liquid Notes Ref. 
 Europium and lanthanum Aqueous solutions bmimNTf2 Chelating agents [181] 
Rhenium and yttrium Aqueous solutions acidified phosphonium 
phosphate IL 
IL+biodiesel as extractant [100] 
Actinides Aqueous solutions Rmim PF6 and NTf2  
phosphine functionalised IL 
Extractant (with 
unfunctionalised ILs only)  
[182] 
Sodium, mercury, cadmium, 
cobalt, nickel, iron 
Aqueous solutions bmimPF6, hmimPF6 organic and inorganic 
extractants 
[145] 
Mercury HCl solutions P6,6,6,14Cl Immobilised on resin or 
dissolved in hexane/toluene 
[139] 
Mercury Aqueous Solutions ether functionalised bis-
imidazolium ILs 
 [32] 
Mercury and Cadmium  Aqueous Solutions  TSILs – RmimPF6 
functionalised with urea, 
thiourea or thioether 
 [183] 
Platinum and palladium Aqueous solution Phosphonium ILs ILs containing extractant 
Immobilised on solid matrix 
[156] 
Copper, zinc, chromium Aqueous solution Rmim BF4 and PF6  [153] 
Copper Aqueous solutions mimSBu NTf2 Microextraction, IL = thin film 
on electrode 
[184] 
Copper Aqueous solution bmpyrrol NTf2 IL contains a pyridine-based 
ionophore 
[185] 
Copper Aqueous solution bmimPF6 Chelator [186] 
Copper, cobalt, nickel Chloride aqueous solution amine and ester functionalised 
PF6 ILs 
 [34] 
Cobalt, mercury and lead Aqueous solution bmimPF6 Extractant, single-drop 
microextraction 
[187] 
Cadmium, cobalt, nickel Aqueous solution bmimPF6 and hmimPF6 Extractants [145] 
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 Extraction of From Ionic Liquid Notes Ref. 
 Iron from Ni in HCl solutions P6,6,6,14Cl Ion exchange/association [148] 
Zinc Water and milk hpyrPF6 Microextraction [188] 
Zinc Aqueous solution bmpyrol NTf2 NaDNP in IL coordinates with 
Zn 
[189] 
Zinc, cadmium, iron separation  Aqueous HCl in Zn refineries Ammonium Cl and omimBF4  [146] 
Lead Environmental water samples omimPF6 Chelator [190] 
Silver, Lead Aqueous solutions Reim NTf2 and PF6 ILs Using chelator [152] 
Organometallic catalysts Toluene phase (after reaction) Rmim gly  [191] 
Extraction from Ores 
 Copper, silver and gold Pyrite, chalcopyrite and sulfidic 
gold ores 
bmim HSO4, dca, MeSO4, PF6 
or BF4 
Added acid, oxidant and 
leaching agent 
[147, 
192, 
193] 
“Valuable metal ions” Leachate of Laterite dmimPF6 and BF4 immobilised on solid reaction 
bed 
[194] 
CuFeS2, FeS2 Chalcopyrite bmim HSO4 IL in aqueous solution [195] 
Extraction from Wastes and Wastewaters 
 Flame retardants WEEE plastics mim and pyr, Cl and Br ILs  [70] 
Keratin Bird feather bmimCl  [196] 
Astaxanthin Shrimp waste C3NH2mimBr Solid phase and liquid-liquid 
ultrasound assisted extraction 
[154] 
Lignin Sugarcane processing waste emim with sulfonate anions  [197] 
UrNO3 and PdCl Radioactive tissue paper from 
fuel cycle facilities 
bmimCl  [198] 
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 Extraction of From Ionic Liquid Notes Ref. 
 Caesium Simulated tank waste mbpyrol NTf2 and ammonium 
NTf2 
Using extractant [199] 
Zinc oxide and sulfide Phosphor Waste (from CRTs) bmimPF6  [200] 
Zinc, lead, zinc oxide Electric arc furnace dust CC:Urea:ethylene glycol Electrolysis [141, 
142] 
Mercury and mercury oxide Flue gas bmimCl, mbpyrrol NTf2 High temperature, fixed bed 
adsorption 
[201] 
 
 
Cobalt, sodium, cadmium, iron, 
europium, nickel 
Aqueous waste RmimPF6  Extractants [202] 
manganese, cadmium and zinc 
sulfates and nitrates 
Waste water ether functionalised ammonium 
NTf2 
Use chelating agent [203] 
UF4 Uranium enrichment/refinery 
waste 
bmimCl  [204] 
Palladium High-level liquid waste (spent 
nuclear fuel residue) 
ammonium nitrate  [205] 
Dyes Dye waste waters bmimPF6 With and without a crown 
extractant 
[206] 
Azo dyes leather production wastes mbpyrol NTf2  [207] 
Copper Semiconductor manufacturing 
wastewater 
bmimPF6  [137] 
Aluminium Al-composite matrices bmimCl/AlCl3 electrolysis [208] 
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Ionic liquid extraction techniques are already being considered for treating waste and extracting 
metals from low-grade ores, and a brief discussion is given below.  
 
Extractions from waste 
Ionic liquid extraction techniques can be utilised to recover value or to extract hazardous substances 
from waste (Table 2-5). Valuable organic components can be recovered from food and food 
production wastes, for example, shrimp processing produces large quantities of waste trimmings 
which contain proteins, chitins, minerals and carotenoids, including the valuable astaxanthin [154]. 
Ultrasound-assisted extraction of astaxanthin from shrimp wastes has been attempted using the ILs, 
RmimBF4 and bmimMeSO3, bmimBr and bmimCl, as well as an amine-functionalised imidazolium 
IL dissolved in ethanol [154]. Longer alkyl chains increase hydrophobicity and H-bond ability which 
results in better astaxanthin extraction and a bromide anion promotes extraction due to its higher 
solubility in ethanol. The amine-functionalised cation increased extraction and protected the 
astaxanthin from oxidation. It was concluded that IL extraction was 98% better than using 
conventional solvents. Another example of extraction from food waste is the selective recovery of fat, 
as a bio-diesel precursor, in which white, milk and dark chocolates were stirred in 
propylmethylimidazolium bromide for an hour at 80oC before filtration to collect the insoluble fats 
that were separated from the sugars [63, 166]. Simulated cooking oil waste, containing free fatty acids 
(FFAs) has been treated to extract the FFAs and then esterify them to fatty acid methyl esters (FAME) 
for use as biofuel [63]. The liquid used was a mix of 2 ILs, one known to extract the FFAs and one 
known to esterify the FAMEs and it was possible to recover the IL after use in this “one-pot” process 
in order to recycle it in the treatment of more cooking oil waste. 
 
It has also been shown that ILs can also be used to treat metal-based wastes which can contain both 
valuable and hazardous materials. Old boring and cutting tools can be treated to recover diamond 
from a metal-based waste containing tungsten, cobalt, nickel, iron and copper using hydroxide-
chloride melts [209].  A sludge forms that is separated from the IL and washed through a fine mesh, 
resulting in the fine metal powders passing through the net and the diamonds remaining on the net 
thereby achieving separation. It is possible to extract metals from a waste stream to reduce 
hazardousness of the residual waste and recover valuable materials, e.g. the recovery of zinc from 
phosphors found in waste electrical and electronic equipment. Huang et al have recovered 77 % of the 
total zinc from the phosphor ash by contacting particles under 200 nm with bmimPF6 for 10 minutes 
at high temperatures [200]. Field shifts in the 31P-NMR and 1H-NMR suggest interactions between 
zinc and PF6 and the imidazole ring, and at 298K, 9% of the zinc extracted was of the form Zn2+-
[mim].  
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Electric arc furnace (EAF) dust, a waste from the production of steel, contains high levels of the 
oxides of iron, zinc and aluminium as well as manganese, silicon, lead, magnesium, vanadium and 
copper, rendering it a hazardous material. Zinc and lead oxides can be selectively dissolved, without 
iron oxides, from EAF dust into 1:2 CC:U (choline chloride:urea) DES with ethylene glycol (EG) 
added to reduce the IL’s viscosity [61, 62, 141, 142]. An optimised process involved extracting the 
EAF dust in 1:1.5:0.5 CC:EG:U deep eutectic solvent at 50oC for 2 days, followed by filtration to 
remove undissolved components of the EAF dust, such as iron oxides. A zinc sheet was then 
immersed in the Pb-Zn-IL solution at 25oC for 2 days to produce a black, lead deposit on the sheet 
and electrolysis was used to recover the zinc from the IL over 72 hours [142]. Due to the slow nature 
of electrolysis to recover the zinc, dilute ammonia solutions were added to precipitate ZnCl2 from the 
IL.  
 
Aluminium has been recovered from Al-metal matrix composite wastes using bmimCl/AlCl3 at just 
over 100oC which has lower energy requirements and produces less waste and less emissions than 
producing primary aluminium or recycling the composites by melting in a furnace or salt fluxing at 
high temperatures [208].  
 
Reports to date on the use of ILs for the treatment of nuclear wastes have focussed on the use of 
synthetic nuclear mixtures. An extractant can be dissolved in bmimPF6 to recover actinides from 
aqueous nuclear waste solutions, although it is possible for acidic aqueous solutions to hydrolyse the 
IL to bmim3PO4 which is very water soluble [182]. Plutonium, uranium, strontium and caesium are 
recovered from spent nuclear fuel using tributyl phosphate, kerosene, dodecane, 1-octanol, or iso-
paraffinic solvents, all of which are volatile, hazardous, toxic, flammable organic solvents that are 
unstable towards radiation and heat [134]. Tissue paper waste from fuel cycle facilities containing 
uranium oxide, plutonium oxide, boron carbide, palladium and selenium have also been a subject of 
interest for IL treatment [198]. Rather than incinerating the paper and then treating the ash and gases, 
bmimCl can extract PdCl and uranyl nitrate directly from the paper and UO2 and Pd metal can be 
recovered from the IL electrochemically.  
 
Extractions from ores and mining wastes 
The production of non-ferrous metals from mineral ores involves high energy inputs, large quantities 
of acid and processes that are environmentally polluting [128]. Waste from mining operations is likely 
to contain low levels of metals, and by using an efficient method that has been designed for extraction 
of low grade ores, these metals may be recovered economically and without damage to the 
environment. Researchers are already considering the use of ILs as extractants in mining operations, 
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which have been summarised in a recent review by Tian et al concerning the use of ILs in 
hydrometallurgy [128]. 
 
Campos et al suggest the use of P6,6,6,14Cl to extract gold from acidic solutions after leaching the metal 
by conventional processes from low grade ores or WEEE [155]. Small quantities of IL dissolved in a 
hydrophobic organic solvent or immobilised on a biopolymer can extract the gold in a 1:1 gold:IL 
ratio by forming P6,6,6,14+AuCl4- salts. Although this extraction recovers the gold, even in the presence 
of copper, nickel and zinc, it does not reduce the problems caused by the initial leaching process or 
the use of hazardous, volatile organic solvents. A more preferable approach is to use the ILs directly 
to extract the metal from the ore. The ILs bmimdca, bmimMeSO3, bmimPF6 and bmimBF4 have all 
been investigated for direct extraction of copper, gold and silver from sulfidic ores, although the 
Bronsted acidic IL, bmimHSO4, has been most successful, which may be due to its ability to dissolve 
elemental sulfur, which can coat and therefore protect the ore particles [147, 192, 195, 210, 211]. The 
ores of interest have been chalcopyrite (copper and iron sulfides), pyrite (iron sulfide), and a complex 
ore, mined at Perseverance in Australia, containing mainly chalcopyrite, pyrite, pyrrhotite and 
sphalerite [147, 192, 195]. Gold and silver have been extracted from Perseverance Ore (containing 
copper, zinc, lead, iron, gold and silver) using bmimHSO4 in the presence of Fe2(SO4)3 (an oxidant) 
and thiourea (a leaching agent) [192]. 100 cm3 of bmimHSO4 containing thiourea was tumbled with 
25 g of ore and a small amount of iron sulfate at 50oC for 24-50 hours. The IL was contacted with an 
equal volume of water before being decanted and filtered. High levels of silver and gold were 
extracted into the IL with only limited copper, lead and zinc uptake and a low level of iron uptake. 
The IL was recovered using activated carbon and recycled four times with only a small effect on the 
extraction efficiency due to some of the gold not being retrieved from the IL. Although the iron was 
not removed from the IL before reuse, its presence did not impede silver and gold extraction. 
Modifications to the IL cation and use of alternative anions and sulfur-based leaching agents for 
extraction from the gold ore proved that the original system of bmimHSO4 with thiourea for 50 hours 
at 50oC was the most efficient for gold recovery. The extraction of iron from pyrite into bmimHSO4 
diluted with water is attributed to the acidity of the IL and a similar extraction efficiency to that of 
using 1M H2SO4 is achieved, but is still low. 
 
Copper has been extracted from the most abundant copper sulfate ore, chalcopyrite, (containing some 
pyrite ore) using an IL with acidic ferric sulfate but the process is very particle size dependent and 
energy intensive, so there is no commercial installation for this process [210]. The copper has been 
leached into bmimHSO4 in 24 hours with and without the presence of ferric sulfate [147]. The use of 
Fe2(SO4)3 speeds up the initial partitioning of copper into the IL but does not increase total solubility 
[147, 195]. Agitation and temperature have a significant effect on the extraction of copper and iron 
with 800 rpm being the optimum stirring speed and a 30% increase in extraction efficiency of copper 
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between 60-70oC, but increasing the temperature further results in only a small improvement which is 
probably due to the reduction of dissolved oxide at higher temperatures [195]. The pH decreases as 
the concentration of the IL in the solution increases which causes the copper and iron extraction 
efficiencies to increase up to 60% (v/v), but above these concentrations, the viscosity increases and 
the dissolved oxygen levels drop which cause the dissolution of the metals to level off. Highest 
extraction is achieved in pure bmimHSO4, despite a decrease in acidity, suggesting that ion-pair 
stabilisation of copper with HSO4 may be the main extraction mechanism [147]. In 2010, Dong et al 
attempted copper extraction in an argon atmosphere but the absence of air resulted in poor extraction 
due to the lack of oxygen in the IL confirming that the leaching process is oxygen-consuming. 
 
CuFeS2    +    4H+    +    O2                     Cu2+    +    Fe2+    +    2S0    +    2H2O     [195] 
 
Contrary to this theory however, the extraction of copper into bmimHSO4 at 100oC under vacuum 
increases copper dissolution from 30% without vacuum to 45% within 30 minutes [210]. This has 
been attributed to the removal of water and sulfur from the solution which increases the copper 
dissolution. Electrodeposition of the copper from the IL gives a smoother, more desirable product that 
is pure enough for electrical applications. 
 
2.5  Conclusion 
Ionic liquids are a versatile group of low-melting salts that could be designed to perform a particular 
function. The potential for ILs to replace traditional organic solvents in many industrial processes to 
reduce emissions, improve yield and remove the risk of explosion is promising. The high dissolution 
capabilities, the ability to design an IL for selective solvation and their recyclability allows ILs to be 
used as extraction solvents. The extraction of a selected component from a waste mix using IL 
technology could be used to reduce the hazardousness of a waste before disposal or to recover 
valuable materials that would otherwise be lost. 
 
In the current research the selection of ILs for use as extractants for metals from wastes and low-grade 
ores is based predominantly on the inherent properties of the ILs (e.g. thermal stability, atmospheric 
stability and viscosity), the extent of their functionality and their ease of preparation, in terms of rapid 
synthesis, low cost of reagents and a clean and efficient process. 
 
On the basis of these considerations, the synthesis of a selection of hydrophilic and hydrophobic, 
protic and aprotic, task-specific and eutectic ILs are reported in Chapter 3.  
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3.1  Introduction 
The aim of the work described in this thesis is to study the potential use of ionic liquids (ILs) as 
solvents for material recovery. A series of ILs with different properties have been synthesised as 
solvents to be used in an as-prepared state for application in the selective extraction of valuable or 
hazardous components from waste. The rationale for the selection of the ILs used in this work and the 
details of their synthesis, characterisation and solvent capability, as potential extractants for a 
selection of metals and metal compounds, are contained in this Chapter. 
 
For convenience, the synthesis and characterisation details, under Section 3.3, are set out for each type 
of selected IL: a) hydrophilic ILs, b) hydrophobic ILs, c) protic ILs, and d) eutectic mixtures. 
 
3.2  Approach to IL Synthesis and Solubility Testing for Extraction of 
Metals 
In this section, the rationale for the selection of ILs and metals used in this work, the synthesis and 
solubility testing methodologies employed and an introduction to the analytical techniques used in the 
characterisation of the ILs and metal solutes are presented. 
 
3.2.1 Rationale for IL and Metal Selection for Study 
3.2.1.1 IL Selection 
The rationale for IL selection for metal solubility screening was based on the ability to prepare the IL 
in less than 1 hour, in high yield, with low viscosity, thermal stability up to at least 150oC, stability to 
atmospheric conditions and moisture, and of suitable purity for application in extracting value from 
metal-containing wastes. In order for an IL to be used as an extraction solvent it must selectively 
dissolve one metal or metal salt from other components of the waste, or dissolve all other components 
of the waste except the targeted metal or metal salt. Following the dissolution of the metal or metal 
salt it must then be possible to retrieve the metal from solution, without degrading the IL to permit IL 
recycle.  
 
In order to effect the extraction of metals using ILs as extraction solvents, the ILs were chosen for  
exhibiting one or more of a range of properties including their ability to protonate, their extent of 
miscibility with water, the flexibility of their ionic structure and their ability to form eutectic mixtures. 
The suite of ILs selected included: hydrophilic imidazolium and pyridinium ILs; hydrophobic 
imidazolium and phosphonium ILs; protic hydrophilic and hydrophobic ILs; functionalised 
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imidazolium hydrophilic ILs and a functionalised ammonium hydrophobic IL; and eutectic mixtures 
based on aluminium chloride, zinc chloride, H-bond donors and choline chloride.   
 
Some ILs, particularly imidazolium ILs, are readily available commercially from companies such as 
Solvent Innovations, Merck Chemicals and Fisher Scientific, who supply a selection of ILs in 5–500g 
quantities, and Sigma-Aldrich, who supply the BASF Basionics range in laboratory scale quantities 
under the FLUKA label. It is of interest, however, to develop rapid IL synthesis methodologies in 
order to improve the ILs’ potential for application, through reducing reaction temperatures and 
duration, improving conversion efficiencies and reducing the quantities and hazardousness of volatile 
organic solvents involved in their preparations. In the work described in this chapter the microwave-
assisted synthesis of ILs, developed within Professor Grimes’ research group at Imperial College (IC) 
London, has been used to achieve shorter synthesis time than that required using conventional 
methods, which can often involve heating and stirring for up to 48 hours [70].  
 
3.2.1.2 Metals and Metal Compounds Selection 
The metals and metal containing materials selected for solubility testing in the ILs prepared in this 
work can all be found in waste electrical and electronic equipment (WEEE), battery waste or low 
grade ores and mining wastes. Common waste sources of the metal and metal compounds are 
summarised in Table 3-1. 
Table 3-1: Metal and metal compounds of interest 
Metal/Metal Compound Waste Source of Interest 
Co, Co2O3 & CoCl2 Ores, Catalyst waste 
CoSO4.7H2O & CoSO4 Battery waste 
CuO & CuS Ores/tailings 
Ni Ores and WEEE 
NiO WEEE 
NiS Ores 
Fe2O3 Battery Waste, Ores 
FeS Ores 
Zn, ZnO & ZnS Battery Waste and WEEE 
Mn & MnO2 Battery Waste 
HgO Battery Waste and WEEE 
PbS Ores/Tailings and WEEE 
SnO2 Ores 
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3.2.2 Synthesis and Solubility Testing Methodologies  
The methodology developed for the synthesis of ILs and the solubility testing methodology used to 
assess the potential for the ILs to solubilise metals and metal compounds are set out below.  
 
3.2.2.1 IL Synthesis Methodology 
Conventional methods used for the synthesis of ILs can involve reactions requiring stirring and 
heating of starting reagents over long periods, a large excess of reagents and the use of organic 
solvents as a reaction medium to achieve reasonable yields. This being the case, however, the premise 
on which the synthesis route for the ILs prepared in this work is based, is the use of conventional 
methods, where either no external heating is required or, if it is required, the reaction takes less than 
one hour (Figure 3-1). 
 
Where external heating is required for periods of greater than one hour using conventional methods, 
the alternative more rapid microwave-assisted radiation methods of synthesis are used.  As a first step 
the microwave irradiation process was carried out in an open-vessel microwave (OVMW) oven in 
order to follow the progress of the reaction carefully to avoid over-heating of the product, which could 
result in its decomposition. The reagent mix is removed from the microwave oven every 10-20 
seconds to assess the reaction’s progress. Following successful microwave-assisted synthesis of an IL, 
using the open vessel, the reaction was then performed in a closed-vessel Anton Paar microwave 
(APMW) oven for the preparation of 10-700 ml quantities of an IL, without the need for continual 
attention as the reaction is temperature-controlled and the vessel pressure monitored. In this way, the 
relative merits of the routes of rapid synthesis can be compared.  
 
There are situations, however, where radiating the sample in the open-vessel microwave oven, 
without stirring, is not feasible and instead a controlled closed-vessel microwave system is required.  
When the boiling point of the reagents is below 100oC or the boiling point of the reagents is above 
100oC and continuous stirring is required, then the closed-vessel system with magnetic stirring is 
used. For the first synthesis of a new IL via this route care was taken to ramp the heating profile in a 
controlled manner i.e. 5 minutes to 170oC, hold at 170oC for 5 minutes, and allow to cool over 20 
minutes.  
 
The OVMW oven (Figure 3-2) – a household microwave oven – used in this research was a 
continuous power model fitted with an inverter, made by Baumatic, BTM 17.355. The full power 
output level is 700 W but the power setting was used at only 20, 40 or 60 % of full power, 
corresponding to 140, 280 and 420 W. The inverter limits the level of microwave power to which the 
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sample is subjected rather than producing intermittent periods of full microwave power when a lower 
power setting is selected. 
 
Figure 3-1: Method for choosing suitable synthetic process for each IL 
 
Figure 3-2: Open Vessel Microwave Oven (OVMW) and the reaction vessel 
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The closed-vessel laboratory microwave oven used was an Anton Paar Multiwave 3000 model (Figure 
3-3), capable of monitoring time, temperature and pressure of a heating programme, up to a maximum 
of 190oC and 20 bar, set by the user. The internal temperature was monitored and controlled by an 
internal gas bulb thermometer in one of the 16 reaction vessels whilst the external temperature, in all 
reaction vessels, was monitored by an external infrared detector. If the pressure or temperature 
exceeded the limits, the heating programme was aborted. The oven was fitted with a magnetic stirrer 
system that allowed the IL to be agitated during heating in order to improve product yield and 
decrease decomposition due to localised heating. The fluoropolymer vessels can accommodate 6-50 
ml of reagents and up to 16 vessels can be heated simultaneously, allowing synthesis of up to 800 ml 
of IL in a single microwave radiation period. The APMW oven was fitted with an extraction system 
which, in the event of failure of the sealed vessels, removed any escaped volatiles safely.  
 
  
Figure 3-3: Anton Paar Multiwave 3000 Microwave (APMW) oven and a reaction vessel 
3.2.2.2 Solubility Testing Methodology 
The methodology adopted for solubility testing was a two-step process involving determination of: (i) 
the extent of solubility of pure metals and metal compounds in a range of ILs, and (ii) the extent of 
solubility of the metal, and separately of the IL in common organic solvents in order to be able to 
develop an extraction procedure.  
3.2.3 Analytical Techniques for Characterisation  
ILs can be difficult to obtain in a pure state and can be contaminated with the chemicals used in their 
synthesis, as well as water absorbed from the air. Trace amounts of impurities can have a significant 
effect on some properties of ILs, such as density, viscosity and melting point. Since purification 
methods can be costly and time-consuming it is essential to achieve the right balance between purity 
and effectiveness for a specific application. In the case of this work, where the purpose is to prepare 
ILs rapidly and economically for use in waste management, the ILs need to be fit-for-purpose rather 
than of the highest purity so, for example, colour impurities that would need to be removed from an 
IL for use in spectroscopic applications, will not impact applications involving the extraction of value 
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from waste. Similarly, where hygroscopic ILs are being prepared, complete drying of the IL is 
unnecessary since hygroscopic ILs will absorb more water during their use, a characteristic that may 
not be disadvantageous in recovery processes. The required purity can be achieved by simply washing 
the ILs with an appropriate solvent. In general, the first sample of the IL to be prepared is fully 
characterised by the techniques outlined below, including 1H-NMR spectroscopy and mass 
spectrometry, to check purity, and each subsequent sample of the same IL is characterised by FTIR 
spectroscopy and TLC to ensure reproducibility of the method of synthesis.  
 
The specific properties of the prepared ILs have been determined in terms of melting point, acidity 
and polarity. All percentage yields quoted are based on moles of the limiting reagent.  
 
Melting Point (mp) 
The melting points or melting range of the ILs were determined using a Stuart Melting Point 
Apparatus, SMP10, and by thermal analysis, described below.  
 
Acidity (pH) 
The acidity of IL samples was measured by putting a drop of IL onto a piece of Universal Indicator 
paper and observing the colour change against the reference chart. 
 
Thin Layer Chromatography (TLC)  
Thin layer chromatography separates different components of a mixture according to their polarity. A 
small amount of sample is spotted onto a plate, covered in a thin layer of silica gel. The plate is placed 
in 1 cm of an appropriate solvent system (the mobile phase) which begins to move up the silica plate 
under capillary action. As the mobile phase moves through the stationary phase (the silica plate), it 
carries the sample along with it, and the less intense the interactions between the sample and the plate, 
the further the sample will travel. These interactions are based on polarity, with the more polar 
components, interacting more with the stationary phase, travelling slowly up the plate, while the  less 
polar components, displaying less interaction, moving more quickly up the plate. The plate is removed 
from the solvent system when the solvent front is 1 cm from the top of the plate and allowed to dry.  
The components of the sample do not travel any further up the plate after it has been removed from 
the mobile phase and so separation is achieved.  
 
TLC can be used to follow the progress of a reaction (Figure 3-4), where A and B are reagents; C, D 
and E are samples of the reaction mix after 10, 20 and 30 minutes respectively, with E, the product, 
showing no spots relating to A and B, the starting reagents. 
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Figure 3-4: Example TLC plate 
 
The more polar the solvent system the further all the constituents will travel up the plate, therefore for 
each sample, a solvent system with the appropriate polarity needs to be determined. If the components 
of the sample are UV-active, the spots created can be viewed under UV light with each component 
appearing at a different distance along the plate. TLC can be used both to determine the relative 
polarity of the IL and also to confirm that the IL is pure and has only one component if only 1 spot is 
viewed on the TLC plate. 
 
3.2.3.1 Analytical Techniques for IL and Metal Solutes 
The suite of analytical techniques used in the characterisation of both the ILs and metal solutes used 
in this work are presented below.  
 
Fourier Transform Infrared Spectroscopy (FTIR)  
By subjecting a sample to infrared (IR) radiation of 0.8-500 µm, the covalent bonds of the molecules 
are provided with energy that causes them to vibrate, stretch and bend. Specific bond vibrations 
absorb IR radiation of a particular energy, with stretches (υ) occurring at higher wavenumbers (lower 
energy), and bends (δ), at lower wavenumbers (higher energy). By directing a beam of IR radiation at 
a sample, collecting the transmitted radiation and comparing it with a reference radiation beam, the 
absorption of IR by the sample can be determined. A spectrum is produced that shows the absorption 
at each wavenumber, which can be translated to vibrations of specific bonds and functional groups, 
indicating the presence of particular molecular groupings. The presence of a contaminant in the 
sample may create an extra absorption in the spectrum, but FTIR spectra are more commonly used as 
a fingerprint for comparison with a reference spectrum. The area of the spectrum at lowest 
wavenumber, below around 1500 cm-1 is considered to be the fingerprint region – each absorption 
band cannot be assigned to a specific bond but together they correlate to a particular molecule which 
can be useful when comparing a sample with a reference. Functional group absorptions can be 
assigned in this region and the Fourier Transform function makes very low wavenumbers accessible 
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with a higher energy flow and improved resolution [212].   
 
FTIR Spectroscopy was performed at Imperial College on a Nicolet Magna 560 Spectrophotometer. 
The FTIR spectra were recorded either as a liquid film between two sodium chloride discs or as solid 
sample pressed into a KBr disc over a range of 625-4000 cm-1 with 100 scans, a resolution of 4 and a 
data spacing of 1.928 cm-1. A background was collected before each spectrum was recorded and no 
correction was applied. 
 
Thermogravimetric-Differential Scanning Calorimetry (TG-DSC)  
In its simplest form thermal analysis is the observation of a sample over a time and temperature 
program. Thermogravimetric (TG) analysis measures the change in mass with temperature and can 
indicate the boiling or decomposition points, oxidation or dehydration of the sample and surface 
reactions. Differential scanning calorimetry (DSC) measures heatflow to the sample and can 
determine physical (phase) and chemical (endo- or exo-thermic) changes of the sample during 
heating. In this way the TG-DSC provides information on the thermal behaviour and stability of a 
material but it can also indicate the presence of a contaminant or can be used for comparing a sample 
with a reference material. In TG analysis, the sample is weighed at regular intervals and the 
temperature is monitored by a thermoelement positioned close to the crucible containing the sample 
[212]. Differential scanning calorimetry compares the sample with a reference sample of known 
thermal behaviour, often alumina. The temperature of each sample is kept the same by adding heat 
and the heating rate required to do so is measured [212]. The temperature of the two samples is 
continually monitored and fed back to the heating elements which change their heating power 
accordingly. A 10-20 mg sample is packed in an alumina crucible in a small furnace and a time vs 
temperature program is followed. Conditions can be controlled and altered, including the atmosphere 
(N2 or air), the heating rate, the maximum temperature and the regularity of measurements. It is also 
possible to set a heating programme with variations in heating ramps and isothermal periods as 
required. The weight of the crucible in milligrams is monitored to 4 decimal places to give the TGA 
and the change in heat flow between the sample and the reference provides the DSC and TG-DSC 
curves.   
  
The equipment used was a Rheometric Scientific Simultaneous Thermogravimetric-Differential 
Scanning Calorimeter using alumina crucibles with aluminium oxide (alumina) as a reference. Each 
IL sample was recorded over a temperature range of 30-700oC (in the case of metal solutes, a 
temperature range up to 1000oC) under a nitrogen gas flow of 58% with a temperature ramp of 
10oC/min and a data recording interval of 6 seconds. The results were used to determine onset 
decomposition temperature (TG) and melting point (DSC).  
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Mass Spectrometry (MS)  
Mass Spectrometry is a technique used for determination of the mass of components of molecules.  It 
involves the production of gas phase ions from a sample followed by separation of those ions 
according to their charge to mass ratio [212]. The relative intensity of the ions at each mass is 
determined and a plot of mass vs. intensity is produced. Isotopes can help to confirm the allocation of 
a detected mass as intensities will depend on the abundance of each isotope. For example, chlorine 
has two isotopes at 35 and 37g which exist in a 3:1 ratio. The presence of chlorine in a sample may be 
indicated in the mass spectrum by the presence of 2 peaks, 2 g apart with the second having a third of 
the intensity of the first. Electrospray Ionisation is used to volatilise the sample for MS analysis and is 
referred to as a “soft technique” because it does not fragment the ions of the ILs. A high voltage is 
applied to the liquid sample to form droplets that get smaller and smaller until they become gas phase 
ions. 100% abundance is expected at the mass of the anion, in the negative scan, and the cation, in the 
positive scan. Additional signals may be detected at higher mass due to clusters of anions and cations 
that form during the electrospray process. Peaks at masses that do not correspond to an ion or cluster 
of ions present in the sample suggest that an impurity is present or that the solvent used in the analysis 
has interfered with the ions.  
 
Mass Spectrometry was performed at the EPSRC National Mass Spectrometry Service Centre at the 
Swansea University using Electrospray Ionisation (ESI) technique on an ESI MS-902 spectrometer. 
 
Nuclear Magnetic Resonance Spectroscopy (NMR) 
Nuclear magnetic resonance spectroscopy provides information about the protons, and other atoms, 
such as carbon contained in a sample, specifically on their environment and the proportion of atoms in 
each environment. Protons have a spin state with a nuclear spin quantum number due to the rotation 
of the nucleus around the axis. The direction of the spin can be either +½ or -½. Application of an 
external magnetic field causes an energy difference between the two spin states. Electromagnetic 
radiation in the radiofrequency (RF) region may then be absorbed causing the nucleus to be excited to 
the higher spin state before relaxing again and emitting radiation. Different protons in the sample 
produce different signals due to the local magnetic field that is generated by the bonding electrons. 
This produces a shift in the ppm of the radiation emitted in comparison to the reference molecule 
trimethylsilane which has one signal at 0 ppm. The degree of this shift depends on the environment of 
the proton, for example, conjugated systems such as benzene give signals at high ppm while alkane 
protons appear at low ppm values. Proximity to an electron-rich element (e.g. N or O) or the presence 
of H-bonding also affects the shift. Protons in the same environment give the same signal with 
increased intensity where the intensity of the signal is indicative of the proportion of protons in that 
environment. An additional aspect of NMR is spin-coupling, where nuclear spins of protons in close 
proximity to one another, but with magnetic inequivalence, couple with each other. The first proton 
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can couple with either the +½ or -½ spin state of the other proton which produces a splitting of the 
signal into two equal intensity signals, a doublet. The distance between the split signals depends on 
the strength of the coupling and is referred to as the coupling constant, J, measured in Hz. A shorter 
distance between protons (i.e. bond length), increases the coupling and the J value, therefore double 
bonds have a larger J value than single bonds. The J values are also affected by the angle between the 
C-H bonds (i.e. trans or cis) and the presence of electronegative substituents. The splitting pattern of a 
signal depends on the number of protons that are coupling to the proton in question. For example, if 
the first proton can see 2 other protons then 4 spin states are possible, but 2 have the same energy and 
the signal is observed as a triplet - 3 lines with an intensity ratio of 1:2:1. The splitting pattern and the 
J values give an insight into the environment around the hydrogen and help with assignment. 
 
For measurements the sample is placed in a strong magnetic field and RF radiation is directed at the 
sample to excite the nuclei. The emitted radiation produced on relaxation of the nuclei is collected and 
recorded as a plot of intensity vs frequency. Each signal has a ppm value (frequency), an integral 
(intensity), a splitting pattern (singlet, doublet, triplet etc.) and a coupling constant (J). Together, these 
allow assignment of a spectrum and characterisation (including purity) or identification of a sample. 
 
1H-NMR spectra of the ILs were recorded using an AV 600 MHz FT NMR spectrometer, with Me4Si 
as a reference, at Queen Mary, University of London. Spectra were recorded in deuterated water 
(D2O), methanol (MeOD) or dimethylsulfoxide (DMSO). The solvent used is quoted in each case, 
although most samples were recorded in DMSO as this solvent does not promote exchange of the 
acidic proton on the imidazole ring with deuterium [93]. Other solvents may allow the acidic proton to 
exchange with deuterium in the solvent which may reduce the integral of the signal or remove it 
completely from the spectrum [93]. 
 
Elemental Analysis 
Elemental analysis was performed by MEDAC Ltd using standard analytical procedures: Carbon, 
hydrogen, nitrogen and sulfur content was determined using combustion analysis, whereby a small, 
known quantity of the sample was burnt to produce carbon dioxide, hydrogen, nitrogen and hydrogen 
sulfide. The gases are trapped and separated in a chromatographic column and detected by a thermal 
conductivity detector.  The halogen content was determined by Schöniger Flask Combustion Analysis 
followed by titration – the sample is burnt in oxygen over a sodium hydroxide solution which is then 
titrated to determine halide concentration. 
 
Moisture Content  
Moisture content was measured using an electronic moisture analyser, Satorius MA 40 to heat 3 g of 
sample at 105oC until the mass stabilised. The mass lost is assumed to be water due to volatile 
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solvents having previously been driven from the sample during synthesis.  
 
3.2.3.2 Analytical Techniques for Metal and Metal Compounds 
The FTIR spectroscopy, TG-DSC, MS, 1H-NMR spectroscopy and elemental (C, H, N, Cl & Br) 
analysis techniques described in section 3.2.3.1 were employed to characterise the solutions. In 
addition, flame atomic absorption spectroscopy (AAS) was used to characterise the metal content of 
copper-IL solutions. 
 
Atomic Absorption Spectroscopy (AAS) 
AAS is a single element analytical technique allowing analysis in almost any solution matrix. A 
hollow cathode lamp, filled with noble gas, such as neon or argon, pressurised to a few mbar, with a 
tungsten or nickel anode and a fused cathode of the same element that is being analysed, is used to 
produce an electrical glow discharge of the emission spectrum of the element. Atoms of the element 
in the path of the radiation will absorb radiation and become excited. This weakens the intensity of the 
radiation, which is collected after passing through the sample; the weaker the radiation of that specific 
wavelength, the higher the concentration of that element in the sample. The sample must meet the 
radiation as atoms which are produced using a nebuliser to reduce the size of the particles, allowing 
only a fine aerosol to reach the air-acetylene flame where the sample is atomised at 2000oC. The 
burner and beam of radiation need to be aligned such that the radiation crosses the flame at the point 
where the element exists as ground state atoms, rather than molecules, radicals, ions or excited atoms. 
The height of the flame can be adjusted accordingly to give maximum absorption and higher 
accuracy. The burner head is 10 cm long to increase the length of the cell path and therefore improve 
accuracy, according to the Beer-Lambert Law where A is the absorbance, ε is the molar absorption 
coefficient, l is the length of the cell and c is the concentration: 
lcA ε=  
 
Before analysis of the sample solutions, a calibration plot is determined by measuring the absorbance 
of solutions of known concentration from 0 ppm up to the linear limit for the element being 
determined. Sample solutions are then diluted to produce concentrations that lie within the linear 
calibration range. 
 
Metal content was determined using Flame AAS at Imperial College on a Perkin Elmer AAnalyst 800 
with Controller AS90/91 and Autosampler AS-90. 
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3.3  Synthesis and Characterisation of Ionic Liquids 
All the ILs used in this work have been prepared by the methods described in this section.   
 
In cases where ILs could not be prepared by a rapid method but were required as a precursor for 
synthesis or needed for comparison, they have been purchased from commercial sources.  These 
include 1-ethyl-3-methylimidazolium chloride, protonated methylimidazolium chloride and 
trihexyltetradecylphosphonium chloride. 
 
3.3.1 Synthesis of Hydrophilic ILs 
Although the hydrophilic ILs used in this work can be prepared conventionally by quaternisation, they 
have been synthesised using microwave radiation, in shorter time and without the use of excess 
solvents and reagents.  
 
The methodology reported for the preparation of 1-butyl-3-methylimidazolium chloride (bmimCl) 
[78], using an APMW oven, in which the reagents were heated to 170oC, without the use of organic 
solvents, for 32 minutes to give a yield of 96% has been applied to all the imidazolium halide ILs 
prepared in this research as well as to the pyridinium iodide IL. For comparison purposes, 1-hexyl-3-
methylimidazolium chloride (hmimCl), 1-hexyl-3-methylimidazolium bromide (hmimBr), 1-hexyl-3-
methylimidazolium iodide (hmimI), N-hexylpyridinium iodide (hpyrI) and 1-(2-cyanoethyl)-3-
methylimidazolium bromide (cyanomimBr) have also been prepared in an OVMW oven, with limited 
control over temperature and agitation.  
 
3.3.1.1 Method of Synthesis 
Reagents and solvents used in the experimental methods were purchased from either Sigma-Aldrich 
or Fisher Scientific.  
 
The hydrophilic imidazolium and pyridinium halide ILs (Table 3-2) were synthesised following the 
general reactions below, using the reagents listed in Table 3-3 and under the operating conditions set 
out in Table 3-4.     
NN X R N
+
N
R
X
+
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N X R N
+
R
X
+
 
The OVMW method used by the IC group was based on that reported by Varma and Namboodiri [68, 
213], in which reagents 1 and 2 were mixed in a 1:1.25 mole ratio in a conical flask. The reaction 
mixture was heated at power levels PX, where X is the percentage of full power (P), for short 
intervals (in seconds), with vigorous agitation between each heating interval (xZ) of each heating 
period. For example, “P40 20s x6” refers to heating the sample 6 times for 20 seconds each at 40% of 
full power, with vigorous agitation between each heating interval.  
 
Table 3-2: Structure and nomenclature of the hydrophilic ILs 
IL Abbreviation Structure 
1-butyl-3-methylimidazolium Chloride bmimCl 
 
NN
+
Cl
 
1-hexyl-3-methylimidazolium Chloride hmimCl 
NN
+
Cl
 
1-hexyl-3-methylimidazolium Bromide hmimBr 
NN
+
Br
 
1-hexyl-3-methylimidazolium Iodide hmimI 
I
NN
+
 
1-(2-cyanoethyl)-3-methylimidazolium 
Bromide 
cyanomimBr 
 
NN
+
C
N
Br
 
N- hexylpyridinium Iodide hpyrI 
N
+
I
 
 
The ILs were synthesised in the APMW following a procedure based on a method provided in an 
Application Note from Anton Paar [78] in which the reagents were mixed in a 1:1.3 mole ratio and 
heated with stirring at 600 rpm as outlined in Table 3-4, where the first line refers to the temperature 
ramp, the second to  the time held at that temperature and the final line to the cooling period.  After 
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microwave heating by OVMW or APMW, the IL was washed four times with an appropriate solvent 
and  then heated at 80oC for 20 minutes to remove residual solvent and further dried and stored under 
vacuum prior to characterisation. 
 
Table 3-3: Reagents and quantities employed in synthesis of hydrophilic ILs 
Synthesised IL OVMW 
Reagent 1 Reagent 2 
hmimCl 1-methylimidazole 4 ml Chlorohexane 8 ml 
hmimBr 1-methylimidazole 3.2 ml Bromohexane 6 ml 
hmimI 1-methylimidazole 2.0 ml Iodohexane 4.6 ml 
cyanomimBr 1-methylimidazole 8 ml 3-bromopropionitrile 10.8 ml 
hpyrI Pyridine 3.2 ml Iodohexane 7.4 ml 
Synthesised IL APMW 
Reagent 1 Reagent 2 
bmimCl 1-methylimidazole 10 ml Chlorobutane 17.2 ml 
hmimCl 1-methylimidazole 8 ml Chlorohexane 18.25 ml 
hmimBr 1-methylimidazole 6.4 ml Bromohexane 14 ml 
hmimI 1-methylimidazole 8 ml Iodohexane 13.8 ml 
cyanomimBr 1-methylimidazole 8 ml 3-bromopropionitrile 14.8 ml 
hpyrI Pyridine 8.1 ml Iodohexane 19.2 ml 
 
3.3.1.2 Characterisation of Hydrophilic ILs 
The detailed analytical data for each hydrophilic IL prepared are recorded in Table 3-5, with full 
spectral data presented, for each IL, in Appendix A. 
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Table 3-4: Details of the synthesis of hydrophilic ILs 
 
IL Reagent 1 Reagent 2 Solvent  OVMW Conditions APMW Conditions 
bmimCl 1-methylimidazole 1-chlorobutane Ethyl acetate (with 
gentle heating) 
Reagent 2 too volatile 
for open vessel 
synthesis 
 
5 min to 160oC 
7 min at 160oC 
25 min cooling 
hmimCl 1-methylimidazole 
 
1-chlorohexane 
 
Diethyl ether P40, 20s  x6 
P60, 10s  x9 
5 min to 170oC 
5 min at 170oC 
25 min cooling 
 
hmimBr 1-methylimidazole 1-bromohexane Diethyl ether P40, 20s  x2 
P40, 10s  x2 
5 min to 170oC 
5 min at 170oC 
25 min cooling 
 
hmimI 1-methylimidazole 1-iodohexane Petroleum ether P20, 20s  x6 5 min to 170oC 
5 min at 170oC 
25 min cooling 
 
cyanomimBr 1-methylimidazole 3- bromopropionitrile Diethyl ether P20, 20s  x3 
P40, 20s  x1 
P40, 10s  x2 
5 min to 170oC 
30 sec at 170oC 
20 min cooling 
 
hpyrI Pyridine 1-iodohexane Petroleum ether P20, 20s  x5 
P40, 10s  x2 
P40, 20s  x1 
P40, 13s  x1 
 
5 min to 170oC 
5 min at 170oC 
25 min cooling 
 
 -75- 
Table 3-5: Characterisation data for the hydrophilic ILs 
IL IL IL+H2O Characterisation Data 
b
m
i
m
C
l
 
  
Golden, very viscous liquid at room temperature produced in 93% yield. pH 6.  
TLC (1:9 Methanol:Chloroform) Double arc, Rf 0.35 and 0.375.  
FTIR νmax(NaCl)/cm
-1 3400 (OH), 3145 (ar υCH), 3070 (ar υCH…X), 2960 (υCH3 sym), 2875 (υCH2), 1570 (υC=C 
sym), 1465 and 1380 (δCCH3 asym and sym), 1340 and 1175 (ring υCN) 865 and 755 (δCH), 650 and 630 (ring δ). 
MS m/z(ESI) 139.1(M+-Cl, 100 %), 35.5(Cl-, 100 %), 209.0 (M+(Cl-)2), 383.3 ((M
+)2(Cl
-)3), 559.3 ((M
+)3(Cl
-)4).  
TG-DSC Loss due to dehydration (<200oC): 10% , Onset decomposition temperature: 270oC , Residue: 0 mg at 
300oC 
1H-NMR δH (600 MHz; DMSO) 0.73-0.81 (3 H, t, J 7.5 Hz, CH2Me), 1.11-1.21 (2 H, m, CH2), 1.67-1.74 (2 H, m, 
CH2), 3.86-3.91 (3 H, s, NMe), 4.18-4.26 (2 H, t, J 7.2 Hz NCH2), 7.92-7.95 (1 H, t, J 1.7Hz NCH), 8.02-8.05 (1 H, t, 
J 1.7 Hz NCH), 9.78-9.83 (1 H, s, N2CH). 
h
m
i
m
C
l
 
  
Pale golden, viscous liquid at room temperature produced in a yield of 71% in a OVMW and 94% in the laboratory 
microwave. pH 5.  
TLC (1:1 petroleum ether:ethanol) Single spot, Rf 0.33  
FTIR νmax(NaCl)/cm
-1 3385 (OH), 3055(υC=CH), 3055 (ar υCH…X), 2930 (CH3), 2860 (υCH2), 1570 (υC=C sym), 
1465 and 1380 (CH3), 1340 and 1170(ring υCN), 835 and 760 (δCH), 650 and 625 (ring δ). 
MS  m/z (ESI) 167 (M+-Cl, 100 % ), 369.3 ((M+)2Cl
-), 35 (Cl-, 100 %), 202.9 (M+(Cl-)2), 440 ((M
+)2(Cl
-)3).  
TG-DSC Loss due to dehydration (<200oC): 13%, Onset decomposition temperature: 270oC, Residue: 0 mg at 
300oC.  
1H-NMR δH (600 MHz; DMSO) 0.78-0.85 (3 H, t, J 7.0 Hz CH2Me), 1.16-1.28 (6 H, m, CH2), 1.71-1.80 (2 H, m, 
CH2), 3.85-3.88 (3 H, s, NMe), 4.16-4.21 (2 H, t, J7.3Hz NCH2), 7.79-7.82 (1 H, t, J 1.8 Hz NCH), 7.87-7.89 (1 H, t, 
J 1.8 Hz NCH), 9.54-9.56 (1 H, s, N2CH). 
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IL IL IL+H2O Characterisation Data 
h
m
i
m
B
r
 
  
Golden viscous, liquid at room temperature produced in a yield of 94% in a OVMW and 97% in the laboratory 
microwave. pH 6.  
TLC (1:10 methanol:chloroform) Single spot, Rf 0.62 + short round tail.  
FTIR νmax(NaCl)/cm-1 3430 (OH), 3140 (ar υCH), 3065 (ar υCH…X), 2930 (υCH3 sym), 2860 (υCH2 sym), 
1570 (ring υC=C sym), 1465 and 1380 (δCCH3 asym and sym), 1340 and 1170 (υCN ar), 835 and 765 (δCH), 
650 and 620 (ring δ). 
MS m/z(ESI)  83 (M+-C6H13Br, 8 %), 167 (M+-Br, 100 %), 413.2 ((M+)2Cl-), 81 (Br-, 100 %), 329 ((M+)(Cl-
)2).  
TG-DSC Loss due to dehydration (<200oC): 5%. Onset decomposition temperature: 280oC. Residue: 0 mg at 
320oC.  
1H-NMR δH (600 MHz; D2O) 0.82-0.91 (3 H, m, CH2Me), 1.25-1.38 (6 H, m, CH2), 1.83-1.95 (2 H, m, CH2), 
3.88-3.94 (3 H, s, NMe), 4.18-4.26 (2 H, t, J 7.2 Hz, NCH2), 7.44-7.48 (1 H, s, broad NCH), 7.48-7.55 (1 H, s, 
broad NCH), 8.72-8.78 (1 H, s, N2CH). 
h
m
i
m
I
 
  
Dark golden viscous liquid at room temperature produced in a yield of 98% in a OVMW and 99% in the laboratory 
microwave. pH 5.  
TLC (1:10 methanol:chloroform) Single spot, Rf 0.46 + tail.  
FTIR νmax(NaCl)/cm
-1 3460 (OH), 3140(ar υCH), 3075 (ar υCH…X), 2930 (ali, υCH), 1570 (υC=C sym), 1460 
(δCH2 ) 1380 (δC-CH3 sym), 1340 and 1170 (υCN ar), 750 (δCH), 650 and 615 (ring δ). 
MS m/z (ESI)  167(M+-I, 100 %), 461 ((M+)2Cl
-), 127(I-, 50 %), 421 (M+(Cl-)2)  
TG-DSC Loss due to dehydration (<200oC): 5%. Onset decomposition temperature: 290oC. Residue: 0 mg at 350oC.  
1H-NMR δH (600 MHz; D2O) 0.80-0.88 (3 H, t, J 7.0 Hz, CH2Me), 1.24-1.34 (6 H, m, CH2), 1.81-1.90 (2 H, m, 
CH2), 3.87-3.90 (3 H, s, NMe), 4.15-4.20 (2 H, t, J 7.1 Hz, NCH2), 7.40-7.43 (1 H, t, J 1.8 Hz NCH), 7.45-7.48 (1 H, 
t, J 1.8 Hz NCH), 8.67-8.70 (1 H, s, N2CH) 
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IL IL IL+H2O Characterisation Data 
c
y
a
n
o
m
i
m
B
r
 
  
Viscous very pale golden liquid at room temperature produced in a yield of 83% in a OVMW, 90% in the laboratory 
microwave and 90% with no input of heat to the mixture. pH 6.  
TLC (1:4 methanol:chloroform) Single spot, Rf 0.40(±0.05).  
FTIR νmax(NaCl)/cm
-1
 3045-2840 (υC=CH), 2250 (CN), 1580 and 1545 (υC=C sym), 1440 (CH2), 1380 (CH3), 1280 
and 1085 (ring δCH), 1170 (ring υCN), 815 and 760 (δCH), 620 (ring δ). 
MS m/z (ESI) 136(M+-Br, 5 %), 81 (Br-, 100 %)  
TG-DSC Loss due to dehydration (<200oC): 13%. Onset decomposition temperature: 230oC. Residue: 0 mg at 
320oC.  
1H-NMR δH (600 MHz; D2O) 3.24-3.28 (2 H, t, J 6.3 Hz, NCH2), 3.70-3.74 (2 H, t, J 6.3 Hz, NCCH2), 4.02-4.06 (3 
H, s, NMe), 7.52-7.60 (2 H, s, NCH), 8.80-8.83 (1 H, s, N2CH) 
h
p
y
r
I
 
  
Pale orange solid at room temperature produced in a yield of 93% in a OVMW and 87% in the laboratory microwave. 
Mp 60-62oC. pH 3.  
TLC (1:10 methanol:chloroform) Single spot, Rf 0.46 + long tail.  
FTIR νmax(NaCl)/cm
-1 3455 (OH), 3125 (ar υCH), 3045 (CH), 2955 (υCH3 asym), 2930 and 2860 (υCH2 sym), 1580 
(υC=C sym), 1465 and 1380 (δC-CH3 asym and sym), 1175 (ring υCN), 770 (δCH), 725 (δC-CH2 rock), 680 (ring δ). 
MS m/z(ESI) 80 (M+-C6H13I, 8 %), 164 (M
+-I, 100 %), 455.1 ((M+)2Cl
-), 127 (I-, 100 %), 418 (M+(Cl-)2)  
TG-DSC mp: 71oC Loss due to dehydration (<200oC): 0.6 %. Onset decomposition temperature: 250oC. Residue: 0 
mg at 300oC.  
1H-NMR δH (600 MHz; DMSO) 1.38-1.45 (3 H, t, J 6.5 Hz, CH2Me), 1.80-1.90 (6 H, m, CH2), 2.44-2.54 (2 H, m, 
CH2), 5.15-5.21 (2 H, t, J 7.4 Hz, NCH2), 8.70-8.79 (2 H, t, J 6.9 Hz, meta-CH), 9.15-9.23 (1 H, t, J 7.7 Hz  para-
CH), 9.64-9.70 (2 H, d, J 6.0 Hz ortho-CH) 
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3.3.2 Synthesis of Hydrophobic ILs 
The hydrophobic ILs prepared in this research contain the bis(trifluoromethane)sulfonimide 
(NTf2-) anion and are produced according to a metathesis reaction described by Nockemann et 
al for the synthesis of betanium bis(trifluoromethane)sulfonimide (HBetNTf2) [23, 138], and, in 
the case of the trihexyltetradecylphosphonium bis(trifluoromethane)sulfonimide 
(P6,6,6,14NTf2), according to a method reported by Cieniecka et al [214]. The purity of the IL 
produced by the metathesis reaction depends on both the purity of the reagents and the extent 
to which unreacted reagents and by-products can be removed. If both reagents are pure, then 
the only possible products are MNTf2, MX, MX and MNTf2, where X is Cl or Br and M is a 
metal cation. Given that all constituents, except the desired IL product, are soluble in water, 
repeated washing with water can be used to remove all by-products and unreacted reagents 
from the product IL. Testing the removal of halide impurities from the product IL can, for 
example, be achieved by adding ethanol to a small sample of the product to produce a single 
phase before adding an aqueous solution of silver nitrate (AgNO3) to detect any halide by the 
presence of an AgX precipitate. 
 
3.3.2.1 Method of Synthesis 
The hydrophobic NTf2 ILs shown in Table 3-6 were prepared by the following general 
procedure in which the halide salt of the cation (emim+, bmim+ and Bet.H+) and the 
bis(trifluoromethane)sulfonimide lithium salt (LiNTf2) were mixed in equimolar quantities by 
dissolving each in a minimum volume of water and then stirring the mixture vigorously in an 
high density polyethylene (HDPE) bottle for 1 hour. The biphasic system produced was 
separated using a separating funnel and the lower phase washed 4 times with small portions of 
water, allowing the mixture to stand for an hour after each wash to ensure complete phase 
separation. After each wash the lower IL phase was tested for the presence of halide. The 
product IL was dried and stored under vacuum. 
 
For the synthesis of P6,6,6,14NTf2 the reagents, P6,6,6,14Cl (10.4 g, 0.020 moles) and LiNTf2 
(8.5g, 0.030 moles), were dissolved in a minimum quantity of acetone and stirred vigorously 
for 6 hours. The acetone was removed by rotary evaporation, diethyl ether was added to the 
IL and then it was washed 6 times with small portions of water to remove lithium chloride 
(LiCl) and any unreacted LiNTf2. Finally, the diethyl ether was removed by rotary 
evaporation and AgNO3 was used to test for the presence of chloride in both the IL and the 
final aqueous wash. 
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Table 3-6: Structure and nomenclature of the hydrophobic ILs 
IL Abbreviation Structure 
1-ethyl-3-methylimidazolium 
bis(trifluoromethane)sulfonimide 
emimNTf2 
N
+
N
CH3
CH3
N
-
S
+
S
+
O
-
O
O
O
-
F
F
F
F
F
F
 
1-butyl-3-methylyimidazolium 
bis(trifluoromethane)sulfonimide 
bmimNTf2 
N
+
N
CH3
CH3
N
-
S
+
S
+
O
-
O
O
O
-
F
F
F
F
F
F
 
Betanium 
bis(trifluoromethane)sulfonimide  
HBetNTf2 
N
+
CH3
CH3
CH3
O
OH
N
-
S
+
S
+
O
-
O
O
-
O
F
F
F
F
F
F
 
Trihexyltetradecylphosphonium 
bis(trifluoromethane)sulfonimide  
P6,6,6,14NTf2 
N
S
+
S
+
O
O
O
O
F
F
F
F
F
F
P
+
CH
2
CH
2
CH
2
CH
2
CH
2
CH
2
CH
2
CH
2
CH
3
CH
3
CH
3
CH
3
12 4
4
4
 
 
Table 3-7: Details of the synthesis of the hydrophobic ILs 
Synthesised IL R1 R2 
emimNTF2 emimCl 19.2 g LiNTf2 28.7 g 
bmimNTf2 bmimCl 10.4 g LiNTf2 21.5 g 
HBetNTf2 HBetCl 6.1 g LiNTf2 11.5 g 
P6,6,6,14NTf2 P6,6,6,14Cl 10.4 g LiNTf2 8.5 g 
3.3.2.2 Characterisation of Hydrophobic ILs 
The detailed analytical data for each hydrophobic IL prepared are recorded in Table 3-8, with 
full spectral data presented, for each IL, in Appendix A. 
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Table 3-8: Characterisation data for the hydrophobic ILs 
IL Photo of IL Photo of  
IL+H2O 
Characterisation Data 
e
m
i
m
N
T
f
2
 
  
Colourless liquid at room temperature produced in a yield of 91%. pH 5. 
TLC (1:9 Methanol:Chloroform) Single spot with arc, Rf 0.42 
FTIR νmax(NaCl)/cm-1 3160 and 3125 (υC=CH), 2995 (υCH3), 1575 (υC=C sym), 1460 (υC-CH3), 1430 (δCH2), 1350 and 
1140 (υSO2), 1190 ( ring υCN), 1055 (υSNS), 845 (δCH), 790 (υCS), 740 (δCF3), 602 (δSNS), 630 (δSO2) 
MS m/z (ESI) 111 (M+-NTf2, 100 % 502 ((emim+)2NTf2-)), 280 (NTf2-, 100 %), 671 (emim+(NTf2-)2) 
TG-DSC Loss due to dehydration (<200oC): <1 %. Onset decomposition temperature: 450oC. Residue: 7% at 700oC 
1H-NMR δH (600 MHz; DMSO) 1.39-1.43 (3 H, t, J 7.3 Hz CH2Me), 3.82-3.85 (3 H, s, NMe), 4.15-4.22 (2 H, q, J 7.3 Hz 
NCH2), 7.64-7.67 (1 H, t, J 1.8 Hz, NCH), 7.72-7.75 (1 H, t, J 1.8 Hz, NCH), 9.05-9.10 (1 H, s, N2CH) 
b
m
i
m
N
T
f
2
 
  
Colourless, fluid liquid at room temperature produced in a yield of 80%. pH 6. 
TLC (1:1 methanol:chloroform) Single spot with arc, Rf 0.52. 
FTIR νmax(NaCl)/cm-1 3160 and 3120 (ar υC=CH), 2965 (υCH2), 2940 and 2880 (CH3), 1575 (υC=C sym), 1465 (υC-CH3), 
1430 (δCH2), 1350 and 1140 (υSO2),  1190 (υCN), 1055 (υSNS), 845 (δCH), 790 (υCS), 740 (δCF3), 650 (δSNS), 630 (δSO2) 
MS m/z (ESI) 139.1 (M+-NTf2, 100 %), 558.1 ((bmim+)2NTf2-), 279.9 (NTf2-, 100 %), 699.0 (bmim+(NTf2-)2) 
TG-DSC Loss due to dehydration (<200oC): <1 %. Onset decomposition temperature: 440oC. Residue: 6% at 700oC 
1H-NMR δH (600 MHz; DMSO) 0.87-0.93 (3 H, t, J 7.4 Hz, CH2Me,), 1.20-1.40 (2 H, m, CH2,), 1.73-1.81 (2 H, m, CH2), 
3.20-3.85 (3 H, s, NMe), 4.13-4.18 (2 H, t, J 7.3 Hz, NCH2,), 7.64-7.67 (1 H, t, J 1.7 Hz, NCH), 7.70-7.73 (1 H, t, J 1.8 Hz, 
NCH), 9.07-9.09 (1H, s, N2CH) 
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IL Photo of IL Photo of  
IL+H2O 
Characterisation Data 
H
B
e
t
N
T
f
2
 
  
Cloudy white solid at room temperature produced in a yield of 79%. At room temperature it is hydrophobic but on heating 
above 50oC to becomes hydrophilic. Mp 60-65oC. pH 1 
TLC (1:9 methanol:chloroform) Streak, Rf 0.19 
FTIR νmax(NaCl)/cm-1 3560 (OH), 3005 (CH), 1745 (C=O), 1630 (COO), 1495 (CH2), 1475 (OH), 1420 (COOH), 1350 and 
1140 (υSO2), 1195 (CN), 1055 (υSNS), 925 (OH), 790 (υCS), 740 (δCF3), 655 (δSNS), 630 (δSO2) 
MS m/z (ESI) 118 (M+-NTf2, 100 % ), 279.9(NTf2-, 100 %), 677.9 (HBet+(NTf2-)2, 10%) 
TG-DSC mp: 62oC Loss due to dehydration (<200oC): 2 %. Onset decomposition temperature: 380oC. Residue: 3% at 700oC 
1H-NMR δH (600 MHz; DMSO) 3.17-3.24 (9 H, s, N(CH3)3 ), 4.25-4.27 (2 H, s, NCH2 ) 
P
6
,
6
,
6
,
1
4
N
T
f
2
 
  
Clear, almost colourless liquid at room temperature produced in a yield of 89%. pH 5. 
TLC (1:9 methanol:chloroform) Long streak, Rf 0.21-0.84 
FTIR νmax(NaCl)/cm-1 2960 (CH3), 2925 and 2860 (CH2), 1465 (CCH3), 1410, 1350 and 1140 (υSO2), 1225, 1195, 1055 
(υSNS), 785 (υCS), 740 (δCF3), 650, 630 (δSO2) 
MS m/z (ESI) 483.5 (M+-NTf2, 100 %), 1246.9 ((P6,6,6,14+)2NTf2-, 50%), 280 (NTf2-, 100 %). 
TG-DSC Loss due to dehydration (<200oC): 1 %. Onset decomposition temperature: 400oC. Residue: 1% at 1000oC 
1H-NMR δH (600 MHz; DMSO) 0.82-0.92 (12 H, m, CH3), 1.18-1.33 (32 H, m, CH2) 1.34-1.43 (8 H, m, CH2), 1.43-1.52 (8 
H, m CH2), 2.11-2.22 (8 H, m, PCH2 ) 
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3.3.3 Synthesis of Protic ILs 
Two protic ILs (Table 3-9) were prepared, one by protonation of methylimidazole, following 
the general reaction;  
NN N
+
N
H
X
HX+
 
and, the other, by metathesis of protonated methylimidazolium chloride with lithium 
bis(trifluoromethyl)sulfonimide: 
N
+
N
HN
+
N
H
Cl
+ LiNTf2
-NTf2
LiCl+
 
 
3.3.3.1 Method of Synthesis 
1-protonated-3-methylimidazolium bromide (protomimBr) 
Concentrated (48%) hydrobromic acid (11.6 ml, 0.103 moles) was added dropwise to a 
conical flask containing 1-methylimidazole (8 ml, 0.100 moles), with vigorous stirring over 
30 minutes. The solution was stirred for a further hour. The product was washed twice with 
20 ml portions of acetone and the solvent removed by rotary evaporation. The vacuum and 
temperature were then increased to remove residual water from the system, the IL was 
washed a further 4 times with 20 ml portions of acetone before final solvent removal by 
rotary evaporation and the product IL was dried and stored under vacuum.   
 
1-protonated-3-methylimidazolium bis(trifluoromethane)sulfonimide (protomimNTf2) 
ProtomimNTf2 was prepared by a similar method to that reported for other NTf2-based ILs in 
Section 3.3.2.1, where 1-methylimidazole chloride (protomimCl) (5.9g) and LiNTf2 (14.4g) 
were mixed in equimolar quantities by dissolving each in a minimum volume of water and 
then vigorously stirring the aqueous solutions together in an HDPE bottle for 1 hour. The 
two-phase system produced was separated using a separating funnel and then washed 4 times 
with 10 ml portions of water, allowing the system to stand for an hour to ensure complete 
phase separation after each wash. A few drops each of 1M HNO3, ethanol and silver nitrate 
were added to an extracted sample of the product and, separately, to a sample of the final 
aqueous wash to test for the presence of halide. If no precipitation was observed in either 
sample, the IL was dried and stored under vacuum. 
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Table 3-9: Structure and nomenclature of the protic ILs 
 
3.3.3.2 Characterisation of Protic ILs 
The detailed analytical data for each protic IL prepared are recorded in Table 3-10, with full 
spectral data presented, for each IL, in Appendix A.   
 
 
IL Abbreviation Structure 
1-protonated-3-methylimidazolium 
bromide 
protomimBr 
NH
+
N
CH3
Br
-
 
1-protonated-3-methylimidazolium 
bis(trifluoromethane)sulfonimide 
protomimNTf2 
NH
+
N
CH3
N
-
S
+
S
+
O
-
O
O
O
-
F
F
F
F
F
F
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Table 3-10: Characterisation data for the protic ILs 
IL IL IL+H2O Characterisation Data 
P
r
o
t
o
m
i
m
B
r
 
  
Pale golden, very fluid liquid at room temperature produced in 61% yield. pH 1. 
TLC (2:8 methanol:chloroform) 2 arcs,  Rf 0.53 and 0.40 
FTIR νmax(NaCl)/cm-1 3415 (OH), 3145 (υC=CH), 2960 (υCH3 sym), 2860 (υCH), 1585 (υC=C sym), 1445 and 1380 
(δCCH3 asym and sym),  1085 (ring δCH), 765 (δCH) 
MS m/z(ESI)  83.1 (M+-Br, 100 %), 78.9 (Br-, 100 %),160.8 (M+(Br-)2,2%), 242.8((M+)2(Cl-)3, 2%), 410 ((M+)3(Cl-)4,1%)  
TG-DSC Loss due to dehydration (<250oC): 5%, Onset decomposition temperature: 250oC, Residue 0 mg at 350oC  
1H-NMR δH (600 MHz; DMSO) 3.82-3.91 (3 H, s, NMe), 1.63-.68 (1H, t, J 1.6 Hz, NCH), 7.73-7.78 (1H, t, J 1.6 Hz, 
NCH), 9.24-9.28 (1 H, s, N2CH). 
P
r
o
t
o
m
i
m
N
T
f
2
 
  
Colourless, crystalline solid at room temperature produced in a yield of 62%. Mp: 40-42oC. pH: 6.  
TLC: (2:8 methanol:chloroform) 1 arc,  Rf 0.58 
FTIR νmax(NaCl)/cm-1 3150 (υC=CH), 2960 (υCH3 sym), 2860 (υCH), 1585 (υC=C sym), 1445 and 1350 (δCCH3 asym 
and sym), 1330 and 1135 (υSO2), 1055 (υSNS), 790 (υCS),  765 (δCH), 745 (δCF3),  630 (δSO2). 
MS m/z(ESI)  83.1 (M+-NTf2, 100 %), 446.1 ((M+)2NTf2-, 11%), 280.0 (NTf2-, 100 %), 643.0 (M+(NTf2-)2,20%) 
TG-DSC mp: 60oC, Loss due to dehydration (<125oC): 6%, Onset decomposition temperature: 280oC, Residue 9% mg at 
700oC  
1H-NMR δH (600 MHz; DMSO) 3.83-3.87 (3 H, s, NMe), 7.62-7.65 (1H, t, J 1.7 Hz, NCH), 7.65-7.69 (1H, t, J 1.7 Hz 
NCH), 9.00-9.04(1 H, s, N2CH). 
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3.3.4 Synthesis of Eutectic Mixtures 
Under suitable conditions, melts of mixtures of two room-temperature solids can form a 
liquid eutectic, at room temperature. In this work, binary eutectic melts were prepared by 
mixing two components (Table 3-11) until a homogeneous solution formed, which, in some 
cases, required heating. These melts consist wholly of anions and cations, are liquid below 
100oC and are thermally stable so are classified as ILs.  
 
Two types of eutectic liquid were prepared, namely (a) eutectic chlorometalate ILs and (b) 
eutectic H-bond donor-based ILs, and their methods of preparation are set out below. 
 
Table 3-11: Structure and nomenclature of the binary ILs 
Component 1 
 
Component 2 Melt 
abbreviation 
emimCl*  
N
+
N
Cl
 
Aluminum 
Chloride* 
AlCl3 emimCl/AlCl3 
hmimCl 
NN
+
Cl
 
Aluminum 
Chloride* 
AlCl3 hmimCl/AlCl3 
emimCl* 
N
+
N
Cl
 
Zinc 
Chloride* 
ZnCl2 emimCl/ZnCl2 
Choline 
Chloride* 
OH
N
+ Cl
 
Zinc 
Chloride* 
ZnCl2 CC:ZnCl2 
Choline 
Chloride* 
OH
N
+ Cl
 
Malonic 
acid* 
 
 
CC:MA 
Choline 
Chloride* 
OH
N
+ Cl
 
Thiourea* 
NH
2
NH
2
S
 
CC:TU 
Note: * refers to purchased starting material 
3.3.4.1  Synthesis of Eutectic Chlorometalate ILs 
The preparation of two types of cholorometalate ILs, the chloroaluminate and chlorozincate 
melts, is described. 
 
OH OH
OO
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Chloroaluminate melts 
The emimCl and hmimCl chloroaluminate melts were prepared following the method by 
Kumar et al [47], in which the imidazolium chloride IL is placed in a 2-neck round bottom 
flask, fitted with a stopper in the side arm. The IL was dried overnight in an oven at 105-
110oC to remove water. The flask was removed from the oven and, whilst still hot, was 
attached to a nitrogen bubbler. Nitrogen was bubbled through the hot mixture for half an hour, 
after which the flask was lowered into a cooling water bath. Aluminium chloride was added a 
little at a time with vigorous stirring, replacing the stopper quickly after each addition. After 
all the AlCl3 had been added to the flask, the mixture was stirred for a further hour under N2 
to ensure that the liquid was thoroughly mixed.  
 
To determine the workable range of the IL/AlCl3 ratio (the range of concentrations of AlCl3 
that produces a free-flowing homogeneous liquid), AlCl3 was added gradually to a known 
quantity of the IL following the procedure above and observations were recorded. Table 3-12 
gives details of each chloroaluminate melt produced, where N refers to the proportion of the 
mixture that is AlCl3 in moles, i.e. 0.5 is a 1:1 mixture.  
 
yx
x
N
+
=     where x = moles of AlCl3   and y = moles IL 
Table 3-12: Details of chloroaluminate IL synthesis 
IL  IL AlCl3 N 
emimCl * Basic  20.169 g, 0.1374 moles 8.122 g, 0.0608 moles 0.31 
emimCl * Neutral 11.062 g, 0.0755 moles 10.876 g, 0.0815 moles 0.52 
emimCl * Acidic 7.8663g, 0.054 moles 13.2624 g, 0.099 moles 0.65 
hmimCl Basic 20.27 g, 0.100 moles 6.0 g, 0.045 moles 0.31 
hmimCl Neutral 3.6 g , 0.018 moles 2.40 g, 0.018 moles 0.50 
hmimCl Acidic 4.23 g, 0.021 moles 5.21 g, 0.039 moles 0.65 
Note: * refers to purchased starting material 
 
Chlorozincate melts 
Two chlorozincate melts, emimCl/ZnCl2 and choline chloride:ZnCl2, are prepared: 
 
(i) Dried emimCl (purchased from Sigma Aldrich) and zinc chloride (ZnCl2) were 
placed in an Anton Paar microwave reaction vessel, containing a magnetic stirrer, and 
heated according to the program set out in Table 3-13. The ratio of emimCl and ZnCl2 
used and the number of heat cycle repetitions required for the solution to become 
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homogeneous are given in Table 3-14.  
 
Table 3-13: Anton Paar heating program employed to prepare the chlorozincate ILs 
 Time Temperature Fan Setting Stir Setting 
Ramp 5 minutes 150oC 1 3 (600 rpm) 
Hold 20 minutes 150oC 1 3 (600 rpm) 
Cool 20 minutes - 3 3 (600 rpm) 
 
 
Table 3-14: Details of the chlorozincate ILs 
IL  IL ZnCl2 Microwave 
Cycles 
N 
emimCl* Basic  15.135g, 0.103 moles 8.898g, 0.065 moles 5 0.39 
emimCl* Neutral 14.655g, 0.100 moles 14.497g, 0.106 moles 5 0.52 
emimCl* Acidic 13.806g, 0.050 moles 13.806g, 0.101 moles 3 0.67 
Note: * refers to purchased starting material 
 
(ii)  Choline chloride (14.017 g, 0.100 moles) and zinc chloride (27.207 g, 0.200 moles) 
were combined in a round bottom flask with a magnetic stirrer. The mixture was 
heated at 120oC with stirring for 1 hour, to produce a clear, homogeneous liquid. 
 
3.3.4.2  Characterisation of Eutectic Chlorometalate ILs 
The detailed analytical data for each eutectic chlorometalate IL prepared are recorded in 
Table 3-15, with full spectral data presented, for each IL, in Appendix A. 
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Table 3-15: Characterisation data of the eutectic chlorometalate ILs 
IL  IL IL+ H2O Characterisation Data 
e
m
i
m
C
l
/
A
l
C
l
3
 
N
=
0
.
3
 
  
Clear golden viscous liquid. pH 2.  
TLC (2:8 methanol: chloroform) Spot Rf 0.0, arc, Rf 0.27 
FTIR νmax(NaCl)/cm-1 3075 (CH3), 1575(υC=C sym), 1460 and 1390 (CH3), 1340 and 1170 (ring υCN), 1090 
(ring δCH) 835 and 750 (δCH), 650 and 630 (ring δ). 
 
e
m
i
m
C
l
/
A
l
C
l
3
 
N
=
 
0
.
5
 
  
Cloudy cream coloured viscous liquid. pH 2.  
TLC (2:8 methanol:chloroform) Spot Rf 0.0, arc, Rf 0.20 
FTIR νmax(NaCl)/cm-1 3150 (ar υCH), 3110-2990 (CH3), 1570 (υC=C sym), 1465 and 1390 (CH3), 1340 and 
1165 (ring υCN), 835 and 745 (δCH), 645 and 630 (ring δ). 
 
e
m
i
m
C
l
/
A
l
C
l
3
 
N
=
0
.
6
5
 
  
Clear golden liquid. pH 1.  
TLC (2:8 methanol:chloroform) Spot Rf 0.0, arc, Rf 0.17 
FTIR νmax(NaCl)/cm-1 3360 (OH), 3165-3120 (ar υCH), 2990 and 2960 (ali υCH), 1570(υC=C sym), 1465 and 
1390 (CH3), 1335 and 1165 (ring υCN) 830 and 740 (δCH), 645 and 630 (ring δ). 
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IL  IL IL+ H2O Characterisation Data 
h
m
i
m
C
l
/
A
l
C
l
3
 
N
=
0
.
3
 
  
Clear golden viscous liquid. pH 1.  
TLC (2:8 methanol:chloroform) Streak Rf 0.23, arc, Rf 0.83 
FTIR νmax(NaCl)/cm-1 3065 (C=CH), 2935 (CH3), 2860 (CH2), 1570 (υC=C sym), 1465 and 1380 (CH3), 1165 
(ring υCN), 835 and 745 (CH), 630 (ring δ). 
 
h
m
i
m
C
l
/
A
l
C
l
3
 
N
=
0
.
5
 
  
Cloudy gold coloured viscous liquid. pH 1.  
TLC (2:8 methanol:chloroform)  Streak Rf 0.21, arc, Rf 0.81 
FTIR νmax(NaCl)/cm-1 3145 (OH), 3100 (ar υCH), 2930 (CH3), 2860 (υCH2 str), 1570 (υC=C sym),1465 and 1360 
(CH3), 1165 (ring υCN), 835 and 745 (δCH), 630 (ring δ). 
 
h
m
i
m
C
l
/
A
l
C
l
3
 
N
=
0
.
6
5
 
  
Clear, dark golden liquid. pH 1.  
TLC  (2:8 methanol:chloroform) Streak Rf 0.21, arc, Rf 0.81 
FTIR νmax(NaCl)/cm-1 3150 (OH), 3100 (ar υCH), 2935 (CH3), 2860 (υCH2), 1570 (υC=C sym), 1465 and 1365 
(CH3), 1165 (ring υCN), 835 and 740 (δCH), 630 (ring δ). 
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IL  IL IL+ H2O Characterisation Data 
e
m
i
m
C
l
/
Z
n
C
l
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N
 
=
 
0
.
4
 
  
Opaque pale brown solid. mp 44-48oC.  pH 5.  
TLC (2:8 methanol:chloroform) Spot Rf 0.26 
FTIR νmax(NaCl)/cm-1 3500 (OH), 3145-3105 (ar υCH), 2985 (ali, υCH), 1570 (υC=C sym), 1460 and 1390 
(CH3), 1340 and 1170 (ring υCN), 1100 (ring δCH), 855 and 750 (δCH), 630 (ring δ). 
 
e
m
i
m
C
l
/
Z
n
C
l
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N
 
=
 
0
.
5
 
  
Clear, dark gold viscous liquid. pH 4.  
TLC (2:8 methanol:chloroform) Spot Rf 0.22 
FTIR νmax(NaCl)/cm-1 3375 (OH), 3150-3115 (ar υCH), 2985 (ali, υCH), 1570 (υC=C sym), 1465 and 1390 
(CH3), 1340 and 1170 (ring υCN), 1090 (ring δCH), 835 and 750 (δCH), 650 and 630 (ring δ). 
 
e
m
i
m
C
l
/
Z
n
C
l
2
 
N
 
=
 
0
.
6
5
 
  
Clear dark brown liquid. pH 3.  
TLC (2:8 methanol:chloroform) Spot Rf 0.22 
FTIR νmax(NaCl)/cm-1 3520- 3445 (OH), 3150-3115 (ar υCH), 1570 (υC=C sym), 1450 and 1365 (CH3), 1240 and 
1090 (ring δCH), 1170 (ring υCN), 835 and 750 (CH), 630 (ring δ). 
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IL  IL IL+ H2O Characterisation Data 
C
C
:
Z
n
C
l
2
 
1
:
2
 
  
Clear colourless, very viscous liquid at room temperature. pH 3.  
TLC (2.5:7.5 methanol:chloroform)  Spot, Rf 0.38 
FTIR νmax(NaCl)/cm-1 3385 (OH), 2965 (CH3), 2830 (CH2), 1475 (CH2), 1415 (CN), 1360 (OH), 1040(CO) 
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3.3.4.3 Synthesis of Eutectic H-bond Donor-Based ILs  
Eutectic melts with choline chloride and malonic acid and choline chloride and thiourea were 
prepared as follows: 
 
(i) Choline Chloride:Malonic Acid 
A 1:1 mixture of choline chloride (7.029 g, 0.050 moles) and malonic acid (5.184 g, 
0.050 moles) were placed in a round bottom flask and the mixture heated at 80oC, 
with stirring at 600 rpm for 1 hour, to produce a clear homogeneous liquid. 
 
(ii) Choline Chloride:Thiourea 
There was no reported phase diagram for the CC:TU system and for this reason one 
was constructed for the melting points determined for various mixtures in this work 
using TG-DSC.  Thiourea (0.9897 g, 0.013 moles) was placed in a test tube to which 
choline chloride was added gradually. The mixture was heated to 80oC and stirred 
(600 rpm) for 1 hour and the range of CC:TU molar ratios that produce materials that 
are liquid at 80oC was determined (Table 3-16). The melting point for each melt 
compostion was determined once. 
 
From this profile (Figure 3-5) two CC:TU melt compositions were chosen to study 
the solubility of metals, namely the 1:1 and the 1:2.5.  
 
Table 3-16: Results of the TG-DSC study to determine the eutectic point of CC:TU 
Theoretical 
Ratio 
Moles 
CC 
Moles 
TU 
Actual 
CC:TU 
Appearance,  
80oC 
Appearance, 
23oC 
Melting 
point (oC) 
1:0 0.0072 0 1:0 White solid White solid 85.24 
1:0.25 0.0050 0.0013 1:0.26 Almost solid White solid 90.03 
1:0.5 0.0049 0.0025 1:0.52 Liquid with solid in it White solid 54.75 
1:0.75 0.0052 0.0041 1:0.78 Liquid with bits in it White solid 49.72 
1:1 0.0051 0.0051 1:1.01 Clear liquid White Solid 50.06 
1:1.5 0.0051 0.0076 1:1.49 Clear liquid White solid 65.12 
1:2 0.0050 0.0100 1:2.00 Clear liquid White solid 71.76 
1:2.5 0.0052 0.0130 1:2.49 Clear liquid White solid 80.08 
1:3 0.0051 0.0155 1:3.06 White solid  White solid 90.83 
0:1 0 0.0131 0:1 White solid White solid 181.98 
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Figure 3-5: CC:TU composition vs melting point 
Trendlines drawn are author’s interpretation 
3.3.4.4 Characterisation of Eutectic H-Bond Donor-Based ILs 
The detailed analytical data for each of the eutectic H-bond donor-based ILs prepared are 
recorded in Table 3-17, with full spectral data presented, for each IL, in Appendix A. 
3.3.5 Characterisation Data of Purchased ILs  
The three ILs, 1-ethyl-3-methylimidazolium chloride (emimCl), protonated 
methylimidazolium chloride (protomimCl) and trihexyltetradecylphosphonium chloride 
(P6,6,6,14Cl), were purchased from Sigma-Aldrich for use in the synthesis of other ILs and were 
characterised (Table 3-18) for comparison with the prepared ILs. The spectra and thermal 
profiles can be found in Appendix A. 
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Table 3-17: Characterisation data for eutectic H-bond donor-based ILs 
IL  IL IL+ H2O Characterisation Data 
C
C
:
M
A
 
1
:
1
 
  
Colourless, viscous liquid at room temperature. pH 1.  
TLC (2.5:7.5 methanol:chloroform) Streak, Rf 0.33 and arc Rf 0.53 
FTIR νmax(NaCl)/cm-1 3330 (OH), 2945 (CH3), 1730 (C=O), 1480 (CH2), 1420 (CN), 1385(OH), 1205 (C-O), 
1160 (CN) 
 
TG-DSC 25-110oC 0.9% mass loss, 110-177 38% mass loss, 177-264oC 6.8% mass loss, 264-330oC 50.5% mass 
loss, 330-700oC 0.6% mass loss. 3.2% residual mass. 
C
C
:
T
U
 
1
:
1
 
  
White opaque solid at room temperature. mp 45-54oC. pH 5.  
TLC (2.5:8 methanol:chloroform) Streaky spot, Rf 0.43 
FTIR νmax(NaCl)/cm-1 3310 (OH), 3180 (CH3), 1615 (NH), 1475 (N-C=S), 1400 (CH), 1280 (C-N), 1085 (C-O) 
TG-DSC mp 51.44oC 30-190oC 1.6% mass loss, 190-360oC 92.6% mass loss, 360-700 1.6% mass loss, 4.2% 
residual mass. 
C
C
:
T
U
 
1
:
2
.
5
 
  
Opaque white solid. mp 34-40oC. pH 6.  
TLC (2.5:8 methanol:chloroform) Streak, Rf 0.50 
FTIR νmax(NaCl)/cm-1 3360 (CH3), 3175 (CH3), 2685 (CH2), 1695, 1610 (NH), 1475 (N-C=S), 1400 (CH), 1235 
(CN), 1085,(C-O)  
TG-DSC mp 55.2oC, 30-190oC 3.1% mass loss, 190-370oC 90.5% mass loss, 370-700oC 6.1% mass loss, 0.2% 
residual mass. 
 -95- 
Table 3-18: Characterisation of purchased ILs 
IL IL IL+H2O Characterisation Data 
e
m
i
m
C
l
 
 
  
Purchased from Sigma Aldrich. Pale orange solid which quickly absorbs water from the air to become a liquid.  mp 72-75oC. pH 7.  
TLC (1:9 methanol:chloroform)  2 arcs, Rf 0.42 and 0.58 (±0.05)  
FTIR νmax(NaCl)/cm
-1 3390 (OH), 3145 (ar υCH), 3075 (ar υCH…X), 2985 (ali, υCH), 2875 (υCH2), 1575 (υC=C sym), 1455 and 
1390 (CH3), 1431 (υMeCH sym), 1335 and 1175 (ring υCN), 1255 and 1090 (ring δCH), 845 and 760 (δCH), 650 and 620 (ring δ). 
TG-DSC mp: 90oC Loss due to dehydration (<200oC): 3%,  Onset decomposition temperature: 270oC,  Residue: 0 mg at 310oC  
1H-NMR δH (600 MHz; DMSO) 1.37-1.42(3H, t, J 7.4Hz , CH2Me), 3.83-3.90 (3H, s, NMe), 4.17-4.25 (2H, m, NCH2), 7.74-7.80 
(1H, t, J 1.8 Hz, NCH), 7.85-7.86 (1H, t, J 1.8 Hz, NCH), 9.42-9.52 (1H, s, N2CH) 
P
6
,
6
,
6
,
1
4
C
l
 
  
Purchased from Sigma Aldrich. A clear, pale yellow, very viscous liquid at room temperature purchased from Sigma Aldrich. pH 1 
TLC (1:9 methanol:chloroform) Single arc, Rf 0.67 
FTIR νmax(NaCl)/cm
-1 2955 (CH3), 2925 and 2855 (CH2), 1465 and 1375 (CCH3), 720 (CCH2). 
TG-DSC Loss due to dehydration (<200oC): 3 %. Onset decomposition temperature: 360oC. Residue: 2% at 700oC 
p
r
o
t
o
m
i
m
C
l
 
  
Purchased from Sigma Aldrich. Opaque white solid. pH 1  
TLC (2:8 methanol:chloroform) 2 arcs, Rf 0.40 and 0.55 (±0.05) 
FTIR νmax(NaCl)/cm
-1 3405 (OH), 3060(υC=CH), 2855 (υCH),  2810 (CH3), 1585 (υC=C sym), 1450 and 1380 (CH3), 1330 and 
1175 (ring υCN), 1280 and 1085 (ring δCH), 830 and 765 (δCH),  
TG-DSC mp: 85oC,Loss due to dehydration (<180oC): 1%, Onset decomposition temperature: 240oC, Residue 0 mg at 700oC  
1H-NMR δH (600 MHz; DMSO) 3.82-3.91 (3H, s, NMe), 7.61-7.66 (1H, t, J 1.6 Hz, NCH), 7.69-7.73 (1H, t, J = 1.6 Hz, 
NCH), 9.15-9.19 (1H, s, N2CH) 
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3.4  Solubility Testing for Extraction of Metals 
As a first step to assessing the applicability of ILs for the extraction of metals and metal 
compounds there is a need to determine the extent of solubility of the each in a range of ILs. 
Moreover, to be able to develop the follow-on extraction procedure it is essential to 
understand not only the solubility of the metals and metal compounds in ILs but also the 
extent of the solubility of the metal and metal compounds and the ILs in common organic 
solvents. 
 
3.4.1 Methodology 
3.4.1.1 Metals and Metal Compounds in ILs 
The methodology adopted for solubility testing was based on a two-step screening process, 
where an initial solubility test of the metals and metal compounds in the ILs was conducted 
involving heating the solute (10 mg) in the IL (1 g) at 80oC for 30 minutes in an open 
atmosphere. The reagents and solvents used in the experimental methods were purchased 
from the Sigma-Aldrich Company, Fisher Chemicals or VWR. Fresh sulfides were prepared 
by the addition of sodium sulfide to the metal sulfate solution in order to compare freshly 
prepared samples with older, purchased ones. These sulfides are denoted with a (f), such as 
ZnS(f) and NiS(f). 
 
Those metals and metal compounds that fully dissolved were then tested at 50 mg/g level, as a 
more suitable concentration level in an application such as an extraction, with each metal (50 
mg) being added to each IL (1 g) with water (0.1 g) in a test tube. The mixture was stirred at 
600 rpm and heated at 80oC for 30 minutes. The method was repeated 3 times to ensure 
reproducibility. The 0.1 g of water was added to the solute-IL mix in order to simulate a waste 
process where water levels would be likely to be high. The chloroaluminate ILs were not 
tested at the 50 mg/g level as they had unfavourable properties, which became clear in the 10 
mg/g solubility testing. These include emitting noxious fumes, being very reactive towards 
water and having high viscosity and acidity which made handling the melts difficult. The 
extent of solubility of the metals and metal compounds in hydrophilic, hydrophobic, protic, 
eutectic cholorometalate and eutectic H-bond donor-based ILs is shown in Tables 3-20 to 3-
24. 
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3.4.1.2 Effect of Variable Conditions on Metal Solubility in ILs 
Consideration is given to the impact of factors such as temperature, time and moisture on the 
extent of dissolution of solutes in ILs, with a view to optimising the conditions for metal 
solubility in ILs. The influence of these factors on the solubility of a selection of metals and 
metal compounds were tested separately for time, temperature and moisture. 
 
Effect of Water 
The effect of water on the solubility of metal and metal compounds was tested in the 
following systems: 
 
hmimCl:H2O & HBetNTf2:H2O systems – The ILs, hmimCl and HBetNTf2, were dried for a 
prolonged period under vacuum to remove water. Each metal (10 mg) was then added to the 
dry IL (1 g) in a test tube and also the metals were added to the IL (1 g) with distilled water (1 
g). The mixtures were stirred magnetically and heated at 80oC for 30 minutes. The results are 
reported in Table 3-25. 
 
PbS+cyanomimBr:H2O system - PbS (10 mg) was added to 1g of cyanomimBr and water was 
added to this in a range of concentrations from 0- 67 wt%.  PbS (10 mg) was also added to 
100% water. The test tubes were then heated at 80oC for 30 minutes with 600 rpm magnetic 
stirring. If all the PbS dissolved, another 5 mg portion was added and this was repeated until 
the PbS did not dissolve in 30 minutes.  The results are reported in section 3.4.2.2. 
 
ZnO +HBetNTf2:H2O system - ZnO (10 mg) was added to 1g of HBetNTf2 and water was 
added to this in a range of concentrations from 0-67 %. The solubility of ZnO (10 mg) in pure 
water was also considered. The test tubes were then heated at 80oC for 30 minutes with 600 
rpm magnetic stirring. If all the ZnO dissolved, another 5 mg portion was added and this was 
repeated until the ZnO did not dissolve in 30 minutes. The results are reported in section 
3.4.2.2 and presented in Figure 3-6. 
 
Immediately after synthesis, but before drying, the quantitative solubility value for ZnO in 
HBetNTf2 was determined by adding small portions of ZnO to 1 g HBetNTf2 until the aliquot 
did not dissolve in 30 minutes with 80oC heating and 600 rpm magnetic stirring. The IL was 
dried under vacuum and then split in two, with half of the IL being stored under vacuum and 
the other half being stored in a conical flask, open to the atmosphere. The quantitative 
solubility value for ZnO in each of the ILs was determined as outlined above, at regular 
intervals over a period of time. The moisture content of the IL was determined with each 
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solubility measurement using an electronic moisture analyser. The results are shown 
graphically in Figure 3-7 and Figure 3-8.  
 
HgO+hmimCl:H2O system - Immediately after synthesis, but before drying, the quantitative 
solubility value for HgO in hmimCl was determined by adding HgO (200 mg) to 1 g hmimCl 
and heating and stirring the mixture for 30 minutes at 80oC and 600 rpm. The solution was 
then filtered, and the residue was washed, dried and weighed. The IL was dried and stored 
under vacuum and the quantitative solubility value for HgO in the IL was determined as 
outlined above over the next few months. The moisture content of the IL was also determined 
at the same time as each solubility measurement using an electronic moisture analyser. The 
results are shown graphically in Figure 3-9 and Figure 3-10. 
 
Effect of Temperature and Time 
The effect of the temperature and duration of heating and stirring on the quantitative solubility 
of metal and metal compounds was tested in the following ILs: 
 
HBetNTf2 at hydrophobic temperatures - Following solubility testing at 80oC, it was 
considered that metal sulfides may dissolve more successfully in HBetNTf2 at temperatures 
where the IL behaved hydrophobically rather than at 80oC when the IL is hydrophilic. The 
freshly made sulfides (denoted in tables as (f)) (10 mg) were each added to HBetNTf2 (1 g) in 
a test tube. The mixture was stirred magnetically and heated at 48oC for 30 minutes. Solubility 
results were determined by observation. The results are shown in Table 3-26. 
 
1:1 CC:TU melt at higher temperatures - FeS, NiS or SnO2 (10 mg) were added to 1:1 
CC:TU (1 g) in a test tube. The mixtures were heated for 45 minutes at 80oC before the 
temperature was increased by 10oC and held for 30 minutes. This was repeated up to 150oC 
and observations were made. The results are shown in Table 3-27. 
 
protomimBr at higher temperatures and for longer times - ZnS, SnO2 and freshly prepared 
FeS(f) and NiS(f) (10 mg) were heated at 80oC and stirred at 600 rpm for 45 minutes in 
protomimBr (1 g). After 45 minutes observations were recorded and the temperature was 
raised to 90oC and stirred for a further 30 minutes. The temperature was then increased by 
another 10oC and held for 30 minutes. This was repeated until the temperature reached 150oC. 
Observations were made every 30 minutes. The results are reported in Table 3-28. 
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Both bought and freshly prepared FeS and NiS were heated in protomimBr at 100oC for 30 
minutes and at 80oC for 4 hours, with stirring at 600 rpm in all cases. The results are shown in 
Table 3-29. 
 
The sulfides were heated at 80oC for 30 minutes with 600 rpm stirring in protomimBr and 
then the temperature was increased to 100oC for two further half-hour blocks of heating. The 
results are shown in Table 3-30. 
 
Copper sulfide was dissolved in protomimBr (1 g) with heating at 80oC and stirring at 600 
rpm for 30 min. It was then filtered and the Cu content of the filtrate was determined by flame 
AAS. The process was repeated at 100, 110, 120, 130 and 150oC and the results are shown 
graphically in Figure 3-11. 
 
Copper foil was dissolved in protomimBr (1 g) with heating at 80oC and stirring at 600 rpm 
for 30 min. It was then filtered and the Cu content of the filtrate was determined by flame 
AAS. The process was repeated at 100, 110, 120, 130 and 150oC and the results are shown 
graphically in Figure 3-12. 
 
Copper foil was dissolved in protomimBr (1 g) with heating at 80oC and stirring at 600 rpm 
for 30 min. It was then filtered and the Cu content of the filtrate was determined by flame 
AAS. The process was repeated with heating and stirring for 1, 2, 3 and 6 hours and the 
results are shown graphically in Figure 3-13. 
3.4.1.3 ILs in Organic Solvents 
Each IL (1 ml) was mixed separately with an organic solvent (1 ml), stirred vigorously and 
the mixture allowed to stand overnight. The extent of solubility is recorded in Table 3-31. 
3.4.1.4 Metals and Metal Compounds in Organic Solvents 
Metals that were soluble in at least one IL at 10 mg/g were tested for their solubility in a 
range of common organic solvents at room temperature. Each metal (10 mg) was mixed 
separately with an organic solvent (1 ml), shaken vigorously and the mixture allowed to settle 
and the extent of solubility recorded (Table 3-32).  
3.4.2 Results of Solubility Testing 
The results presented in Tables 3-20 to 3-32 and Figures 3-6 to 3-13 are produced from the 
experiments being repeated n times with an n-value quoted in each case. 
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3.4.2.1 Metals and Metal Compounds in ILs 
The solubility of metal solutes in ILs has been determined and, where appropriate, the results 
expressed in terms of milligrams of solute that will dissolve in 1 g of IL (mg/g) and the colour 
of the solution produced, recorded according to the colour coding schedule in Table 3-19. 
 
 
Table 3-19: Solution colour codes used in results tables 
Code Colour Code Colour 
b blue gr grey 
bl black o orange 
br brown pi pink 
c cream pu purple 
co colourless r red 
g green w white 
go gold y yellow 
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Table 3-20: Solubility of solute in hydrophilic ILs (mg/g, n=3 at 50mg/g level and n=1 at 10mg/g level) 
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Table 3-21: Solubility of solute in hydrophobic ILs (mg/g, n=3 at 50mg/g level and n=1 at 10mg/g 
level) 
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Table 3-22: Solubility of solute in protic ILs (mg/g, n=3 at 50mg/g level and n=1 at 10mg/g level) 
 
      
Pr
ot
om
im
C
l 
C
ol
ou
rl
es
s 
so
lid
 
Pr
ot
om
im
B
r 
G
ol
de
n 
liq
ui
d 
Pr
ot
ot
m
im
N
Tf
2 
C
ol
ou
rle
ss
 li
qu
id
 
Co 
grey 
<10 
b 
<10 
g/b 
<10 
pu/pi 
Co2O3 
black 
<10 
b 
<10 
g 
0 
CoSO4.7H2O 
orange 
>50 
b 
>50 
g/b 
0 
CoSO4 
pink 
>50 
b 
>50 
b 
0 
CoCl2 
blue 
>50 
b 
>50 
g/b 
<10 
b 
CuO 
black 
>50 
g 
>50 
pu 
<10 
b 
CuS 
black 
<10 
go 
<10 
pu 
0 
Ni 
grey 
<10 
b 
<10 
b 
<10 
g 
NiO 
black 
<10 
b 
<10 
g/b 
0 
NiS 
black  
<10 
b 
<10 
g 
0 
Fe2O3 
red 
0 <10 
o 
0 
FeS 
black 
<10 
gr 
<10 
o 
<10 
go 
Zn 
grey 
10-50 
c 
10-50 
go 
0 
ZnO 
white 
10-50 
c 
10-50 
go 
>50 
c 
ZnS 
v pale green 
<10 
w 
10-50 
go 
0 
Mn 
grey 
10-50 
go 
10-50 
go 
0 
MnO2 
silver 
<10 
br 
<10 
br 
0 
HgO 
orange 
>50 
c 
>50 
c 
0 
PbS 
black 
10-50 
c 
10-50 
go 
0 
SnO2 
white 
0 0 0 
 
Chapter 3  Anna Gooding 
 
-104- 
Table 3-23: Solubility of solute in eutectic chloroaluminate ILs (mg/g, n=1 in all cases) 
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Table 3-24: Solubility of solute in eutectic chlorozincate ILs and H-bond donor ILs (mg/g, n=3 at 
50mg/g level and n=1 at 10mg/g level) 
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3.4.2.2 Effect of Variable Parameters on the Solubility of Metals and Metal-
containing Materials in ILs 
The effect of a number of variable parameters including temperature, time and moisture on 
the extent of dissolution of solutes in ILs has been studied.  The data for the solubility of 
metals and metal-containing compounds in the two IL systems, hmimCl:H2O and 
HBetNTf2:H2O, are shown in Table 3-25. 
 
PbS+cyanomimBr:H2O system - With no additional water, the solubility of PbS in 
cyanomimBr is 11-13 mg/g. With 7% added water the solubility is 9-12 mg/g.  At higher 
levels of added water (32-67%) the solubility of PbS in cyanomimBr is less than 10 mg/g and 
PbS is insoluble in 100 % water. These results suggest that the addition of water to 
cyanomimBr decreases the solubility of PbS in the solution.  
 
ZnO+HBetNTf2:H2O system - The solubility values for 50-77 mg/g ZnO have been 
determined for ZnO in HBetNTf2. By adding water, the value can be increased to 138 mg/g, 
and in one case where 72 mg did not dissolve in 1 g dry IL, addition of 1 drop of water 
increased the amount of ZnO dissolved to 124 mg/g.  Increasing the quantity of water in the 
IL increases the solubility of ZnO, despite ZnO being insoluble in water (Figure 3-6). The 
increase in solubility of ZnO in HBetNTf2 over time when stored open to the atmosphere is 
compared in Figure 3-7 with the relatively stable solubility values of the system when the IL 
is stored under vacuum. The moisture content of the samples was also recorded and is shown 
compared to the determined quantitative solubility values in Figure 3-8.  
 
HgO+hmimCl:H2O system - The solubility of HgO in the hmimCl:H2O system with 
temperature and time are shown in Figure 3-9 and Figure 3-10. In a similar manner to 
HBetNTf2, hmimCl absorbs moisture from the atmosphere which results in an increase in the 
solubility of HgO in the IL as it ages. 
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Table 3-25: Solubility of 10 mg of solute in 1 g ionic liquid with 1 g distilled water (mg/g, n=1) 
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Figure 3-6: Quantitative solubility of ZnO in HBetNTf2 with varying amounts of added water (weight 
percent, n=3) 
Error bars shown are standard deviation around the average, trendline drawn is author’s interpretation. 
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Figure 3-7: Quantitative ZnO solubility in HBetNTf2 with storage time (n=3) 
Error bars shown are standard deviation around the average, trendlines drawn are author’s interpretation  
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Figure 3-8: Quantitative solubility of ZnO in HBetNTf2 with moisture content (n=3) 
Error bars shown are standard deviation. Trendline = line of best fit drawn by Excel 
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Figure 3-9: Solubility of HgO in hmimCl vs moisture content (n=1) 
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Figure 3-10: Variation of solubility of HgO in hmimCl with storage time when open to the atmosphere 
(n=1) 
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The results on studies of the effects of temperature and/or temperature and time are reported 
for the following systems: 
  
Sulfides + HBetNTf2 at lower temperature - It was considered that the sulfides might be more 
soluble in HBetNTf2 at lower temperatures, where the IL was behaving as a hydrophobic IL 
rather than a hydrophilic IL. As can be seen in Table 3-26, however, the sulfides are not more 
soluble at 48oC, in fact CuS and FeS(f) are less soluble at the lower temperature.  
 
Table 3-26: Solubility of the sulfides in HBetNTf2 at 48oC (mg/g, n=1) 
  
H
B
et
N
Tf
2 @
48
o C
 
co
lo
ur
le
ss
 s
ol
id
 
CoS(fresh) 
black 
0 
  
CuS 
black 
0 
  
CuS(fresh) 
black/green 
<10 
g/b 
NiS 
black  
0 
  
NiS(fresh) 
jet black 
0 
  
FeS 
black 
0 
  
FeS(fresh) 
red/brown 
0 
  
ZnS(fresh) 
white 
0 
  
PbS 
black 
0 
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 1:1 Choline chloride:thiourea at higher temperatures 
 
Table 3-27: Observations of FeS(f), NiS(f) and SnO2 in 1:1 CC:TU at increasing temperatures (n=1) 
 FeS (f) NiS (f) SnO2 
45 mins, 80oC Not dissolved Not dissolved Not dissolved 
30 mins, 90oC Not dissolved Not dissolved Not dissolved 
30 mins,  100oC Brown suspension Green suspension Not dissolved 
30 mins, 110oC Dark brown+ black bits V dark green 
suspension 
Opaque white 
30 mins 120oC Black + bits Green (almost black) + 
bits 
Opaque cream 
30 mins, 130oC Pale brown + bits, 
starting to solidify  
Black, starting to 
solidify 
Opaque yellow 
30 mins 140oC Light brown + solid bits Dark green solid Cream solid 
30 mins, 150oC Light tan solid on top 
with dark brown liquid 
on bottom 
Black solid on tube with 
liquid on bottom 
Tan brown solid 
 
Sulfides and Oxides + protomimBr at higher temperatures and for longer times 
 
Table 3-28: Solubility of selected metal sulfides and oxides at in protomimBr at increasing 
temperatures (n=1) 
 FeS (f) NiS (f) ZnS SnO2 
45 mins, 80oC Almost dissolved Cloudy grey  dissolved Not dissolved 
30 mins, 90oC dissolved cloudy clear Opaque cream 
30 mins,  100oC dark orange/red Dissolved, 
blue/green 
orange Not dissolved 
30 mins, 110oC Bright red bright turquoise golden orange Creamy opaque 
orange 
30 mins 120oC Strong bright red Dark turquoise orange Yellow opaque 
30 mins, 130oC Dark red Dark green Orange/brown Opaque tan 
brown 
30 mins 140oC Dark red Dark green Rich gold brown Opaque tan 
brown 
30 mins, 150oC Dark red Dark green Dark brown Opaque tan 
brown 
 
Table 3-29: Solubility of iron and nickel sulfides in protomimBr under different conditions (n=1) 
 100oC, 30 min 80oC, 4 hours 
FeS dark orange/red, no solid Clear dark/orange red, all dissolved 
FeS(f) Dark red/brown – 3 black specks remain All dissolved, dark orange/red 
NiS Dark turquoise, clear Bright blue, all dissolved 
NiS(f) V dark turquoise + suspension Dark green + small amount undissolved 
metal 
 
In addition to the information contained in Table 3-29, aged FeS and NiS dissolved in 
protomimBr when heated either at 100oC for 30 minutes or at 80oC for 4 hours.  In a series of 
experiments in which metal sulfides were treated in three stages namely, 30 minutes at 80 oC   
followed by 30 minutes at 100 oC followed by a further 30 minutes at 100 oC the observations 
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in Table 3-30 have been made.   
 
Table 3-30: Solubility of sulfides in protomimBr with longer dissolution time (n=1) 
 1st 30 mins, 80oC 2nd 30 mins, 100oC 3rd 30 mins,100oC 
FeS Clear dark orange 
dissolved 
Clear dark orange/red 
dissolved 
V dark orange/red, 
dissolved 
FeS(f) Dark orange/red + some 
solid 
Dark orange/brown, some 
solid 
V dark orange/red, some 
solid 
NiS Turquoise + some solid Bright blue, some solid Bright blue, dissolved 
NiS(f) Dark turquoise + some 
solid in suspension 
V dark turquoise + some 
solid in  suspension 
Deep turquoise, with some 
solid 
ZnS Clear golden, dissolved -  - 
ZnS(f) Clear golden, dissolved - - 
CoS(f) Dark turquoise + some 
solid 
Bright turquoise, no solid - 
CuS Dark purple, dissolved - - 
CuS(f) V dark purple, dissolved - - 
- = experiment not performed over extended period as solute had already fully dissolved 
 
More detailed data on the variation of solubility of copper sulfide and copper metal in 
protomimBr with temperature are shown in Figure 3-11 and Figure 3-12. Increasing the 
temperature used in the dissolution of copper sulfide in protomimBr resulted in a sharp 
increase in the concentration of CuS in the IL at temperatures above 100oC. Despite the IL 
becoming more viscous, CuS dissolution continued to increase up to 150oC. The temperature 
was not raised any higher as it was expected that the IL would decompose to the conjugate 
acid and base and then volatilise. Increasing time also increased the solubility of copper metal 
in the IL up to 3 hours but dissolution did not increase any further after 6 hours (Figure 3-13). 
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Figure 3-11: Solubility of CuS in protomimBr with increasing temperature (n=1) 
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Figure 3-12: Solubility of Cu metal in protomimBr with increasing temperature (n=1) 
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Figure 3-13: Solubility of Cu metal in protomimBr with increased contact times (n=1) 
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3.4.2.3 ILs in Organic Solvents 
The solubility of the hydrophilic, hydrophobic, protic, eutectic chlorometalate and eutectic H-
bond donor-based ILs in a range of organic solvents has been determined (Table 3-31). 
Table 3-31: Solubility of the ILs in a selection of common organic solvents (n=1) 
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 protic protic protic aprotic     
emimCl (purchased) m m m i i m i i 
bmimCl m m m i i m i i 
hmimCl m m m m i m i i 
hmimBr m m m m i m i i 
hmimI m m m m p m i i 
cyanomimBr m m m i i i i i 
hpyrI m m p m p m i i 
emimNTf2 i m m m m p i i 
bmimNTf2 i m m m m p i i 
HBetNTf2 i m m m m i i i 
P6,6,6,14Cl i m m m m m m i 
P6,6,6,14NTf2 i m m m m m m i 
protomimCl m m m i i i i i 
protomimBr m m m i i i i i 
protomimNTf2 i m m m m i i i 
emimCl/AlCl3 N=0.3 m m m i i i i i 
emimC/AlCl3 N=0.5 r m m i r i i i 
emimCl/AlCl3 N=0.6 r r r m i m i i 
hmimCl/AlCl3 N=0.3 m m m m i i i i 
hmimCl/AlCl3 N=0.5 r m m p p i i i 
hmimCl/AlCl3 N=0.6 r m m m i m i i 
emimCl/ZnCl2 N=0.3 m m m i i i i i 
emimCl/ZnCl2 N=0.5 m m m m i i i i 
emimCl/ZnCl2 N=0.6 m m m m i i i i 
1:2 CC:ZnCl2 p r m m i i i i 
1:1 CC:MA m m m i i i i i 
1:1 CC:TU m m m i i i i i 
1:2.5 CC:TU m m m i i i i i 
m=miscible, i=immiscible, p=partially miscible (refers to the formation of 2 layers but a change in appearance of 
the solvent layer, e.g. turns yellow or cloudy) r = reaction on addition of the solvent  
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3.4.2.4 Metals and Metal Compounds in Organic Solvents 
The solubility of a selection of metals and metal salts in common organic solvents at room 
temperature is presented in Table 3-32 where “s” refers to complete solubility, “i” refers to 
insolubility and “p” refers to partial solubility where a colour change in the solvent is 
observed, but without complete dissolution of the solute. 
 
Table 3-32: Solubility of metals in common organic solvents (n=1) 
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CoSO4.7H2O s p p i i i i / 
CoSO4 s s p i i i i / 
CoCl2 s s s s i i i / 
CuO i i i i i i i / 
Zn X i i i i i p i 
ZnO i i p p i i i i 
ZnS  i i i i i i i i 
Mn i i i i i i i i 
MnO2 i i i i i i i i 
HgO i i i i i i i i 
PbS i i s i i i i i 
*X= not tested in laboratory as reported to react violently 
3.5  Discussion  
3.5.1 Preparation of Ionic Liquids 
A selection of ILs containing a variety of anions and cations have been prepared in order to 
study the behaviour and properties of different ILs in relation to their application as reusable 
selective extractants in material recovery. All the ILs prepared were quick and easy to 
produce in high yields, for example hmimCl is prepared in a 94% yield in the laboratory 
microwave and emimNTf2 in a 91% yield via metathesis.  All had melting points below 80oC 
and are non-viscous fluids, which are primary considerations in the design of processes which 
should operate at near-ambient temperatures using readily available materials.  All of the ILs 
prepared for use in this work were also thermally stable to temperatures up to 200oC. 
Although some of the ILs prepared showed coloration due to the presence of trace impurities, 
removal of the colour from ILs would be time-consuming and costly and is considered to 
have little to no impact on the properties of the IL that are important in the process considered 
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here. 
 
The methods described for the synthesis of ILs using microwave irradiation in open (OVMW) 
and closed (APMW) vessels produce materials suitable for use in industrial applications in a 
considerably shorter timescale than conventional methods and, in most cases, in higher yields 
as shown in Table 3-33.  
 
Table 3-33: Comparison of conventional vs. microwave-assisted IL synthesis 
 Conventional OVMW APMW 
 Time Yield (%) Time Yield (%) Time Yield (%) 
bmimCl 72 h 95 [2] - - 12 min 93 
hmimCl 5 h 53 [213] 3.5 min 71 10 min 94 
hmimBr 5 h 78 [213] 1 min 94 10 min 97 
hmimI 3 h 89 [213] 1 min 98 10 min 99 
hpyrI 16 h [79] - 2.5 min 93 10 min 87 
 
Although the yields were high in all cases for preparations in an open microwave oven, 
synthesis is best carried out in a temperature-controlled closed vessel to obtain high yields 
without overheating the ILs. This is particularly true for the short-chain chloroalkanes which 
have lower boiling points and can therefore evaporate from open vessels. Furthermore, the 
ability to control the temperature of the reagents and to stir the reagents magnetically during 
heating reduces the extent of hotspot formation, increases heating efficiency, reagent contact, 
and yields, and gives short reaction times.  
 
In addition to imidazolium- and pyridinium-halide ILs, the emimCl/ZnCl2 melts have been 
produced using microwave radiation in a significantly shorter time than can be achieved by 
conventional methods, requiring as little as 135 minutes rather than the 48 hours reported in 
the literature [50, 51, 60, 85]. 
 
3.5.2 Characterisation of Prepared Ionic Liquids 
The ILs prepared in this work have been characterised by a number of techniques including 
Fourier Transform Infrared Spectroscopy, Thermogravimetric Analysis and Differential 
Scanning Calorimetry, Mass Spectroscopy, Nuclear Magnetic Resonance Spectroscopy and 
chemical analysis. 
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Ionic liquids can be difficult to obtain in a pure state since they often contain impurities from 
chemicals used in their synthesis, including: residual starting materials, organic and inorganic 
solvents, trace reaction products and water, due to absorption of moisture from air [28, 42, 
91]. The mass spectra of the methylimidazolium ILs prepared in this work, for example, show 
the presence of trace impurities of the protonated methylimidazolium cation at 83 g.  
Following synthesis, ILs can be treated in an ion exchanger to produce very high purity 
samples, although this is an expensive and time-consuming process [6, 42]. The degree of 
purity and extent of treatment of an IL required will depend on the application for which the 
IL is intended, for example, spectroscopic and photolytic applications require very pure 
colourless ILs, while the performance of ILs as general solvents will not usually be greatly 
affected by the presence of small amounts of impurities [28, 215]. This latter consideration 
applies particularly to solvents used in material recovery. 
 
The presence of water in an IL, which is difficult to avoid, especially for hygroscopic ILs, can 
have a significant impact on the physical and chemical properties of an IL, including its 
melting point, density, viscosity, polarity, reactivity, solubility properties and thermal stability 
[7, 216]. The effects of moisture can, however, be beneficial or detrimental, depending upon 
the IL and its application.  For example a ‘wet’ IL is less viscous and so is easier to pump 
around an industrial plant but some ILs become reactive due to the presence of water and this 
can damage the materials of construction of a plant. The moisture contents of some ILs 
prepared in this study and determined by using a moisture content analyser are listed in Table 
3-34 but most of the ILs also picked up more water if stored in contact with the atmosphere. 
 
Table 3-34: Moisture content of a selection of ILs prepared in this work 
IL Mass (g) Water content (%wt) 
emimCl 2.999 0.01 
bmimCl 3.285 0.05 
hmimCl 3.152 
2.972 
0.01 
0.03 
hmimBr 2.162 1.76 
hmimI 2.871 
4.238 
1.18 
1.17 
3.60 
1.84 
hpyrI 2.414 0.30 
emimNTf2 2.843 0.63 
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While the moisture content of the ILs does not appear to be significant when considering the 
percent by mass, when converted to mole percent, it is easy to see that the quantity of water 
contained in ILs can be significant – for example, 1.76% by weight in hmimBr would be 
14mole% and 3.60% by weight in hmimI would be 32mole%. Considering the intended 
application of the ILs in this thesis (i.e. to extract value from waste on an industrial scale) it is 
important to note that most wastes that the IL will be in contact with will contain moisture. 
Therefore even if a hygroscopic IL is dry immediately after preparation and is stored in dry 
and inert conditions, it will soon absorb water during use.  
 
3.5.2.1 ‘CyanomimBr’  
The characterisation data for the material prepared in this work as cyanomimBr are not 
consistent with the formulation of CH3N(CH)3N(CH2)2CNBr or, empirically, C7H10N3Br.  In 
particular, the 100% mass peak in the mass spectrum of ‘cyanomimBr’ is found at 83.2g not 
at the expected molar mass for cyanomimBr of 136g.  A peak does exist at 136g but has only 
a 5% abundance in the mass spectrum.  These data suggest the presence of a protonated 
imidazolium cation in the IL, possibly as a mixture with cyanomimBr.  Furthermore, the 
analytical data for the ‘cyanomimBr’ product (Table 3-35) are not consistent with 
cyanomimBr but are consistent with protomimBr or protomimBr contaminated with 5% 
cyanomimBr.   
 
Table 3-35: Elemental analysis of cyanomimBr (actual vs. theoretical) 
 C H N Br 
Found for material prepared as cyanomimBr (%) 28.63 4.67 16.55 46.81 
protomimBr (Theoretical) (%)  29.5 4.3 17.2 49.0 
cyanomimBr (Theoretical) (%) 38.9 4.6 19.5 37.0 
95% protomimBr + 5% cyanomimBr (Theoretical) (%) 29.97 4.32 17.32 48.40 
 
The 1H-NMR spectrum of the ‘cyanomimBr’ is also more consistent with the material being 
protomimBr or with a protomimBr contaminated with 5% cyanomimBr, than with pure 
cyanomimBr (Table 3-36). 
 
The reaction between 3-bromopropionitrile and 1-methylimidazole in both conventional and 
microwave systems is very exothermic and it seems clear that the major product of the 
reaction is protomimBr.  The cyanide group must be displaced in the reaction to give products 
that are removed in the final washing of the IL. On analysis, the mass spectrum of all 
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imidazolium halides are found to contain a signal at 83g corresponding to the protonated 
product, but in all other cases this represents an impurity that makes up a very small 
percentage of the final product. As a result of these observations pure samples of protomimBr 
has been synthesised and protomimCl has been purchased. The 1H-NMR spectra of both 
products suggest that they have higher acidities than the corresponding ILs containing alkyl 
chains. 
 
Table 3-36: 1H-NMR data for cyanomimBr vs. protomimBr 
 NCHN NCHCHN NCH3 NCH2C CCH2C 
Material prepared: CyanomimBr in DMSO 
ppm 9.5 9.3 8.0 7.9 7.8 7.7 3.9 3.6 3.2 
integral 0.05 1.00 0.05 0.04 1.00 1.01 3.29 0.09 0.10 
Theoretical cyanomim+ 
Cyanomim+ 
theory 
1  1 1   3 2 2 
Theoretical Protomim+ 
Protomim+ theory  1   1 1 3   
Theoretical 5% cyanomim+, 95% protomim+ 
Integral 0.05 1 0.05 0.05 1 1 3.15 0.1 0.1 
 
3.5.3 Solubility of Metals and Metal Compounds in Ionic Liquids 
The purpose of the synthesis of the ILs described in this chapter is to consider their use in the 
total or selective extraction of metals from low grade primary and secondary sources. All of 
the ILs considered for this purpose in the present work have properties that would enable 
them to be used at temperatures below 100oC and to be thermally stable up to at least 200oC 
providing a wide thermal operating range.  The properties of the ILs that are important in this 
type of application are:  (i) the solubilities and relative solubilities of metal-containing 
materials in the ILs; and (ii) the miscibilities of the ILs with other solvents that might be used 
in extracting the metals from the IL solution.  
 
The solubilities of a number of transition metals (Co, Ni, Mn and Zn); the oxides of a number 
of transition and main group metals (Co, Ni, Cu, Fe, Zn, Hg, Pb and Sn), the sulfides of a 
number of transition and main group metals (Co, Ni, Fe, Zn and Pb) and cobalt chloride and 
sulfate have been measured in the range of ILs prepared. The solubilities of the metals and 
their compounds in the suite of ILs vary widely from completely insoluble to very soluble. 
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The water soluble cobalt chloride and sulfate are also soluble in a wide range of the ILs 
studied but, in the context of metal recovery, the solubilities in ILs of metals and metal 
compounds that are not water soluble are more important. 
 
The metals, metal oxides and other metal compounds that are very soluble (>50 mg/g) at 80oC 
are shown in Table 3-37. 
 
 Table 3-37: Solubilities of >50 mg/g at 80oC (n=3) 
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protomimBr   x x   x x x 
protomimCl   x x   x x x 
protomimBr/5% cyanomimBr   x x   x x x 
bmimCl    x    x x 
emimCl        x x 
hmimCl    x    x x 
hmimBr    x     x 
hmimI    x      
HBetNTf2      x    
1:1 CC:MA x x x x x x x x x 
1:1 CC:TU       x x x 
1:2.5 CC:TU       x x x 
*X= Fully soluble at 50 mg/g 
 
A number of the metals, metal oxides, metal sulfides and other metal compounds have lower 
solubilities (between 10 and 50 mg/g and above 10 mg/g) in some ILs at 80oC (Table 3-38 
and Table 3-39), with others having either very low or zero solubility of the metal species in 
the ILs.  
 
The solubility of metal-containing materials in ILs can be affected by other factors such as 
temperature, time of contact and water content.  
 
All of the metal sulfides dissolve in protomimBr when the temperature is increased from 80oC 
to 100oC.  Increasing the temperature in the CuS-protomimBr system, for example, results in 
a sharp increase in the concentration of copper taken into solution in the IL and, at 
temperatures above 100oC, even though the IL becomes more viscous, CuS dissolution 
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continues to increase up to 150oC.  The amount of copper metal that dissolved in protomimBr 
also increases with temperature, but a ceiling is reached at 120oC with 9 mg of solute 
dissolving in 1g of IL after 30 minutes.  
 
 Table 3-38: Solubilities between 10 mg/g and 50 mg/g at 80oC (n=3) 
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protomimBr x x    x x x       
protomimCl x x    x  x       
protomimBr/5% cyanomimBr x x  x x  x    
bmimCl        x   
emimCl   x     x   
hmimCl        x   
hmimBr        x x  
hmimI        x x x 
hpyrI        x x x 
HBetNTf2  x x     x   
*X= 10mg of solute fully dissolves in 1g IL but 50 mg does not 
 
Table 3-39: Solubilities above 10 mg/g at 80oC (n=1) 
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Acidic emimCl/ZnCl2 x   x x    x x 
Neutral emimCl/ZnCl2    x     x x 
Basic emimCl/ZnCl2 x x x x x x x x x x 
Acidic hmimCl/AlCl3    x   x x x  
Neutral hmimCl/AlCl3    x     x  
*X= 10mg of solute fully dissolves in 1g IL but 50 mg was not tested 
 
Increased sulfide dissolution can also be achieved by maintaining a temperature of 80oC and 
leaving the solid sulfide in contact with the protomimBr for longer time (up to 4 hours).  
Increasing the time of dissolution of copper in protomimBr from 30 minutes to 3 hours results 
in 5 times more copper dissolving in the IL, but further increasing the time from 3 hours to 6 
hours does not lead to any increased solubility.  These observations suggest that the limiting 
Chapter 3  Anna Gooding 
 
-122- 
factor in the dissolution of the metals and sulfides is the mass transport of the metal sulfide 
into the IL, the rate of which can be increased by raising the temperature. 
 
There are situations in which metals or metal compounds that are insoluble in water and in an 
IL can be dissolved in a mixture of the IL and water and other situations in which the 
solubility of a compound in an IL can be increased if water is added to the IL. A mixture of 
hmimCl and water dissolves more HgO, CoS, FeS and Mn than the IL itself despite these 
materials being insoluble in water. Co, Ni and NiO, are all partially soluble in the 
hydrophobic IL HBetNTf2 and insoluble in water but when these are contacted with a mixture 
of HBetNTf2 and water, the aqueous phase that separates out contains dissolved cobalt and 
nickel.  
 
ZnO is soluble in HBetNTf2, and has a solubility at 80 oC of up to 77 mg/g but in the presence 
of between 30 and 70 wt% of water up to 138 mg/g of ZnO can be dissolved. An increase in 
the solubility of HgO in hmimCl with increasing water content has also been identified.  
 
Because of the potential advantages of using mixed ILs with other solvents, the miscibilities 
of the ILs prepared in this work with other solvents, have been determined. 
 
3.6  Conclusion  
Microwave-assisted synthesis of a range of ILs has been shown to produce solvents that are of 
suitable purity to be considered for use in extracting value from wastes and low grade ores.  
The melting points of the ILs are all low enough to allow efficient stirring at 80oC and the 
solvents have high enough decomposition temperatures to permit their use up to 150- 200oC.  
 
The benefits of synthesis using microwave radiation are confirmed as: more rapid synthesis, 
more efficient reagent conversion to product, higher purity product, reduced loss of starting 
materials and less use of volatile organic solvents, all of which contribute to a more 
environmentally-sound synthesis methodology.  
 
A selection of ILs has been prepared by rapid synthesis and includes imidazolium, 
pyridinium, phosphonium, chlorometalate and deep eutectic ILs. Six hydrophilic halide ILs 
were prepared by microwave radiation and five were purified and fully characterised. Five 
hydrophobic NTf2-ILs, including a protic IL, have been prepared via metathesis reactions, 
purified and fully characterised. In addition, a protic IL has been produced by acid-base 
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neutralisation.  Six binary pairs with varying compositions (a total of 13 systems) have been 
studied, including two chloroaluminate melts, two chlorozincate melts, three melts containing 
methylimidazolium chloride and three containing choline chloride. As a result of the 
attempted synthesis of cyanomimBr an IL that consisted mainly of protomimBr was 
produced. A range of protic ILs was also included in the solvents for study. The ILs were 
characterised by TLC, pH, FTIR spectroscopy, TG-DSC, MS and 1H-NMR spectroscopy and 
their purities discussed in terms of the characterisation data. 
 
The solubilities of a range of metals, metal oxides, metal sulfides and other metal compounds 
in the ILs have been determined.  The solubility testing shows that ILs can dissolve metals 
selectively which suggests their feasibility for use in selective material extraction and 
recovery as described in Chapter 4.  
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4.1 Introduction 
The solubilities of a number of metals and metal-containing materials have been determined 
and discussed in Chapter 3. The solubility testing shows that ionic liquids (ILs) can dissolve 
metals selectively which suggest their feasibility for use in selective material extraction and 
recovery from wastes and low grade sources. If the processes are to be developed successfully 
two requirements have to be met, namely: (i) it has to be possible to recover the metal species 
from solution in the IL and (ii) it has to be possible to recover the IL from the system to be 
recycled in the processes. 
 
The differences in the solubility of ZnO, Zn and MnO2 in HBetNTf2 where ZnO is soluble and 
Zn and MnO2 are insoluble (as shown in Chapter 3), suggests that extraction of zinc oxide 
from alkaline battery waste using an IL may be possible.  The potential for this application is 
investigated in section 4.3.1 along with further investigation into the use of protomimBr in the 
recovery of zinc from battery waste.  
 
Malachite is a copper containing ore, and although not a primary resource for copper, it does 
contain substantial amounts of the metal. In view of the solubility of copper metal and copper 
oxide in protomimBr and protomimCl as reported in Chapter 3, these ILs will be investigated 
as solvents for the recovery of copper from the ore under ambient conditions. 
 
4.2 Extraction of Metals from ILs 
There are a number of different methods that can be used to extract metal species from IL 
solution including solvent addition-precipitation, acid stripping, pH change and electro-
winning.  It is likely that in commercial operation the metals would be recovered from the IL 
solution by electrowinning and it is known from the literature that this can be achieved, but 
since this process can also result in the decomposition of the IL, it was not studied in the 
present work. Other recovery methods that are often referred to in the literature include 
distillation, solvent addition-phase transfer and the use of supercritical CO2, but these too 
were not considered in the present study.   
 
In this work, solvent addition-precipitation, acid stripping, alkali addition and cementation 
were used to show that the metal species can be extracted from IL solution. A brief 
description of each of these methods is given below. 
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Solvent Addition-Precipitation: An organic solvent, in which the solute is insoluble but which 
is miscible with the IL, is added to the IL+solute solution to precipitate a solid metal 
compound that can be collected by vacuum filtration and allow the IL to be recovered from 
the filtrate by removal of the organic solvent by rotary evaporation to yield the IL and the 
solvent in forms in which they can both be reused and recycled in the process.  
 
Acid Stripping: Metals can be removed from hydrophobic ILs by contacting them with an acid 
to extract the metal into the acid phase to permit the recovery of the metal by electrowinning 
or any other suitable method. The hydrophobic IL would remain in the non-aqueous phase in 
a form that can be recycled. 
 
Addition of Acid or Base: A change in the pH of a system by adding an acid or a base can 
cause the extent of solubility of the metal to change resulting in the precipitation of a metal 
phase from the solution that can be collected by filtration. Altering the pH of the filtrate to 
bring it back to the original pH of the solution then permits the recovery of the IL for recycle 
and reuse. For example, MnO2 can be recovered from solution in bmimPF6 by the addition of 
phosphoric acid and the IL recovered by increasing the pH by washing with water [28].  
 
Cementation: The addition of a metal with a more negative redox potential causes 
precipitation of the target solute. This method has been employed by Abbott et al in the 
extraction of zinc and lead from electric arc furnace dust.  After dissolution of zinc and lead in 
a deep eutectic IL, more zinc was added, to cement out the lead for collection by filtration 
[142]. 
 
4.2.1 Extraction Methodology 
4.2.1.1  Solvent Addition-Precipitation 
In situations where at least 10 mg/g of metal-containing compound was found to be soluble in 
an IL, recovery of the metal from the IL was studied by solvent-addition precipitation. This 
included metal and metal-containing compounds of cobalt, copper, zinc, manganese, mercury 
and lead.  For each system the metal compound (50 mg) was added to each IL (1g) in a test 
tube. The mixture was stirred magnetically and heated at 80oC for 30 minutes before being 
filtered to remove any undissolved metal compound. The filtrate was allowed to cool and then 
an appropriate organic solvent was added to the solution. The resulting solutions were left to 
stand for several days and were vacuum-filtered if a precipitate was produced. The 
precipitates were collected and analysed by FTIR spectroscopy, TG-DSC and chemical 
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analysis to determine whether the precipitate differed from the material initially dissolved. 
The precipitates recovered from solution in this way are listed in Table 4-1 and examples of 
analytical data for a selection of recovered materials can be found in Appendix B. 
 
4.2.1.2  Acid Stripping 
The solubility of Zn, ZnO, MnO2 and HBetNTf2 in 1M H2SO4 and the effect of the presence 
of an acid on the dissolution of the metals in the IL was considered by adding the acid to a test 
tube with the metal-containing material and the IL, and heating and stirring the mixture at 
80oC, 600 rpm for 30 minutes.  ZnO (40mg) was dissolved in HBetNTf2 (1 g) and allowed to 
cool before water (1 g) or H2SO4 (1 g) was added to the solution with heating and stirring.  
ZnO (30 mg) was stirred with a solution of HBetNTf2 (1 g) and either water (1 g) or H2SO4 (1 
g) at 80oC for 30 minutes. The two phases in each sample were separated and their zinc 
content was determined by Flame-AAS. 
 
4.2.1.3  Alkali Addition 
ZnO (60 mg) was dissolved in HBetNTf2 (2 g) and sodium hydroxide was added to the 
solution to produce a white precipitate which was collected by vacuum filtration. Variations 
on the method included: (i) adding: (a) solid NaOH; (b) 23% NaOH; (c)  46% NaOH; (d) 
different amounts of NaOH; (e) NaOH to the ZnO-IL solution, while still hot; (f) NaOH to the 
ZnO-IL solution, after it had cooled; and (ii) heating the NaOH ZnO-IL solution to increase 
contact of the phases. 
 
4.2.1.4  Cementation 
PbS (75 mg) was added to cyanomimBr (10 g) and heated at 80oC with 600 rpm magnetic 
stirring for 30 minutes. The resulting solution was filtered to remove any undissolved PbS.  
Zn metal was then added to the filtrate and heated at 80oC with 600 rpm magnetic stirring for 
30 minutes. The solution was filtered and the solid product was washed gently with 1 M 
HNO3 before being dried and a powder XRD pattern was recorded.  
 
Copper metal and copper sulfide (50 mg) were dissolved in protomimBr (1g) by heating the 
mixtures at 80oC with stirring at 600 rpm for 3 hours. The solutions were filtered and zinc 
metal (20 mg) was added to the filtrate. 
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4.2.1.5 Analytical Techniques for the Recovered Materials 
Recovered solid products obtained were identified by powder X-ray diffraction using a 
Philips PW1700 Series Automatic Diffractometer, and the metal contents of both solids and 
solutions were determined using Flame–Atomic Absorption Spectroscopy or Inductively-
Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES), using an Inductively-Coupled 
Plasma-Atomic Emission Spectrometer at The Natural History Museum’s Wet Chemistry 
Laboratory.  In addition TG-DSC and FTIR spectroscopy were used where appropriate to 
characterise the precipitates and samples of the raw data can be found in Appendix B. A brief 
description of the analytical techniques that were not described in Chapter 3 and have been 
employed in the identification of metal-containing materials, now follows: 
 
Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) 
This is a multi-element technique that determines metal concentration and is less affected by 
the solution matrix than AAS. The technique works by exciting electrons of an atomised 
sample of solution to a higher energy level. The electrons then relax to a lower energy level 
and emit radiation of a specific wavelength that corresponds to the energy gap, and therefore a 
specific element. The intensity of the radiation at a particular wavelength correlates to the 
concentration of a specific element. The atoms are produced using inductively coupled 
plasma. An aerosol of the solution is produced and is mixed with argon which is then 
contacted with the plasma and the sample is heated at 6000-8000 K. As with AAS, a 
calibration curve must be determined before analysis by detecting the emitted radiation from a 
series of solutions of a range of known metal concentrations. 
 
X-ray Diffraction (XRD) 
X-ray diffraction is a non-destructive, fingerprint technique for analysis of crystalline 
materials that determines the order, spacing and angles of a crystal lattice using physical-
mathematical methods. X-radiation of fixed wavelength produced by an X-ray tube is directed 
at the sample and is diffracted from the sample and collected by a detector at a particular 
angle and intensity. The scattering of the radiation by the sample creates a regular pattern due 
to the crystalline structure of the sample. The angle and intensity of the diffracted radiation 
depends upon the lattice spacing of the sample and the wavelength of radiation, according to 
Bragg’s equation. 
θλ sin2dn =  
Where λ is the wavelength, d is the lattice spacing, θ is the angle of diffraction and n is an integer. 
 
The detector is moved around the sample to collect diffracted radiation at different angles in 
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order to produce a plot of 2θ (the angle) vs intensity which is specific to that material. An 
XRD pattern can then be matched to reference XRD patterns of existing materials.  
 
4.2.2 Results and Discussion  
The results presented in Section 4.2.2 are produced from the experiments being repeated n 
times with an n-value quoted where appropriate. 
4.2.2.1  Solvent Addition-Precipitation 
Chemical analysis, FTIR spectra, powder X-ray diffraction data and TGA show the materials 
precipitated from the IL solutions by addition of an organic solvent do vary with the metal:IL 
system. A selection of the FTIR spectra and TGA profiles of recovered materials can be found 
in Appendix B. Cobalt chlorides and sulfates are re-precipitated from their solutions in ILs 
although the degree of hydration in the precipitates can vary. The complexes precipitated 
from zinc, zinc and copper oxides and zinc and copper sulfides in cyanomimBr, protomimBr 
or protomimCl contain the metals bonded to the nitrogen atom of the imidazolium group and 
these complexes are described in more detail in Chapter 5. 
 
Lead sulfide is soluble in both cyanomimBr and protomimBr and white solids are precipitated 
on the addition of methanol, which have been shown to be the same material by FTIR 
spectroscopy. The precipitate has the analytical composition of C 14.4; H 2.0; N 6.87; S <0.1; 
Br 38.3%, with the remainder (38.7%)  identified as Pb. 
 
FTIR Spectrum: 
νmax(KBr)/cm-1 3245, 3130, 1600, 1580, 1550, 1435, 1380, 1330, 1305, 1275, 
1145, 1095, 1075, 1005, 915, 835, 740, 680, 665, 615 
 
Powder X-Ray Diffraction:  
 
Figure 4-1: XRD Pattern of the precipitate from a solution of PbS in cyanomimBr 
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The white precipitate is clearly not a single phase but is contaminated by the co-precipitation 
of other materials with the lead-containing compound, but the data are consistent with the 
major component of the precipitate being PbBr2(mim)2 which has the analytical composition 
of C 18.1; H 2.3; N 10.5; Br 30.1%.  The important aspect of this result and of the data 
obtained on ZnS and CuS solutions is that the metal sulfide bond can be broken in solution in 
an IL to solubilise the metal and release it in a form that makes it more easily recoverable. 
 
Table 4-1: Precipitates recovered from IL solutions on addition of an organic solvent (n=1) 
 Solvent Appearance % Metal 
CoSO4.7H2O                                                Orange-pink granular solid                 21% 
bmimCl Chloroform Pink papery crystals * 
hmimCl Acetone Crystals, turned blue * 
Chloroform Baby pink powder 28 
hmimBr Acetone Pale pink powder 34 
Chloroform Pale salmon powder * 
hmimI Acetone Bright pink powder 21 
Chloroform Bright pink powder 43 
hpyrI Acetone Pale pink powder 42 
Chloroform Pale pink powder 36 
Anhydrous CoSO4:                                       Pale pink powder                                38% 
bmimCl Chloroform Pink powder * 
hmimCl Acetone Pink/orange cubes * 
Chloroform Pale pink powder 20 
hmimBr Acetone Strong pink powder 29 
Chloroform Salmon lumps 32 
hmimI Acetone Bright pink powder 30 
Chloroform Bright pink powder 42 
hpyrI Acetone Pale pink powder 36 
Chloroform Pale pink powder 40 
CoCl2                                                                                             Pale blue powder 
HBetNTf2 Ethyl acetate Blue precipitate  * 
CuO                                                             Black dust                                          80% 
cyanomimBr Ethanol  Dark purple flakes * 
Methanol Dark purple flakes * 
protomimCl Ethanol Green crystals 20 
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Methanol Green crystals 21 
protomimBr Ethanol Green crystals  13 
Methanol Green crystals 12 
CC:MA Water Blue crystals * 
Ethanol Green crystals + black powder * 
Methanol Green ppt+ black powder * 
Zn                                                                 Grey Dust                                          100% 
cyanomimBr Methanol Colourless crystals 20  
protomimCl Methanol White powder 22 
protomimBr Methanol White powder 19 
CC:MA Ethanol White crystals * 
Methanol White crystals * 
ZnO                                              White powder                                                     80% 
cyanomimBr Ethanol Colour less crystals 16 
protomimCl Ethanol White crystals 20 
protomimBr Ethanol Sparkly white powder 16 
CC:MA Ethanol White crystals * 
ZnS                                                               White powder                                     66% 
protomimBr Methanol White crystals 18 
Mn                                                                Black powder                                     100% 
protomimCl Ethanol White crystals * 
Methanol White solid * 
protomimBr Ethanol White crystals * 
Methanol White crystals 13 
HBetNTf2 Acetone White ppt * 
CC:MA Ethanol White solid * 
Methanol White ppt * 
No solvent White powder * 
MnO2                                                                                             Black Powder                                      63% 
protomimBr Ethanol White crystals * 
Methanol White crystals * 
CC:MA Ethanol Tan brown balls * 
 Methanol White crystals * 
HgO                                                             Bright orange powder                         93% 
hmimCl Water Sticky liquid * 
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hmimBr Water Immiscible liquid * 
Water White ppt  * 
hmimI Water Yellow, sticky liquid * 
hpyrI Water Immiscible liquid * 
HBetNTf2 Acetone White crystals/powder * 
CC:ZnCl2 Methanol White ppt * 
Acetone White ppt * 
PbS                                                               Black powder                                       87% 
cyanomimBr Ethanol White powder  * 
Methanol White powder  37 
hpyrI Water Bright yellow solid * 
Ethanol Bright yellow powder * 
Acetone Yellow crystals  * 
Chloroform Yellow solid * 
protomimCl Methanol White solid * 
protomimBr Ethanol White powder * 
Methanol. White solid * 
*Enough sample was precipitated to allow observation and appearance to be recorded but there was 
insufficient to allow metal content analysis. 
4.2.2.2  Acid Stripping 
Zinc, ZnO, MnO2 and HBetNTf2 are all insoluble in 1M H2SO4, even with heating at 80oC. 
Heating and stirring Zn or ZnO in HBetNTf2 with 1M H2SO4 resulted in two colourless 
phases, while IL+MnO2+1M H2SO4 produced two phases with a black solid at the interface 
between the two phases. Dissolving zinc oxide in HBetNTf2 and then adding water or 1M 
H2SO4 resulted in transfer of zinc to the aqueous layer, despite the insolubility of ZnO in both 
water and the acid. When the acid or water was present during heating with the ZnO, the 
metal still transferred to the aqueous phase but to a lesser extent. 
 
4.2.2.3  Alkali Addition 
HBetNTf2 mixes with NaOH to produce a cloudy liquid which settles to two clear phases over 
time. Heating the mixture above 50oC does not cause the two phases to become monophasic. 
Addition of NaOH to a solution of ZnO in HBetNTf2 resulted in the precipitation of a white 
powder (Figure 4-2) from the following systems: 
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(i) 60 mg ZnO + 2g IL. 4 ml 46% NaOH solution added while hot. Solution went cloudy and then 
cleared. Another 2 ml NaOH added and a white solid was collected by filtration; 
(ii) 60 mg ZnO + 2 g IL. 3 ml 46% NaOH added drop by drop once solution cooled. White solid 
collected by filtration; 
(iii) 60 mg ZnO + 2 g IL. 1 ml 46% NaOH and heat to mix. Another 2ml NaOH added and the 
solid collected by filtration; 
(iv) 60 mg ZnO + 2 g IL. 1 ml 46% NaOH and heat to mix. Solid collected by filtration; 
(v) 250 mg ZnO + 2.5g IL + 0.25g H2O. 1 ml 46% NaOH. Solid collected by filtration and 
washed with EtOH and H2O. 
 
The white precipitate is shown in Figure 4-2 and the zinc content of the precipitate, 
determined by Flame-AAS, is 70-74% Zn, slightly less than the zinc content in zinc oxide, 
which may be due to the presence of water.   
 
Figure 4-2: Material recovered from a solution of ZnO in HBetNTf2 on addition of NaOH 
 
4.2.1.4  Cementation 
The XRD pattern of the washed solid arising from the cementation process to extract lead 
from a PbS:cyanomimBr system matched that of lead metal with some contamination by a 
basic lead bromide, as shown in Figure 4-3. Similarly, addition of zinc to a solution of copper 
in protomimBr caused the precipitation of red-brown powdered copper.  
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Figure 4-3: Powder XRD pattern for material recovered from PbS-IL solution on addition of Zn, blue 
lines are reference lead and green are reference lead bromide. 
 
4.3 Use of Ionic Liquids to Recover Value from Waste  
Disposal of all types of waste is becoming more difficult due to the need to reduce disposal to 
landfill and to maximise reuse and recycle. Some examples include metal-containing wastes 
arising from mining operations and end-of-life materials such as electrical and electronic 
goods. The disposal of such wastes can be complicated by the presence of hazardous or toxic 
materials, for example in batteries.  
 
Legislation is driving the need to find alternatives to the disposal of waste. It is becoming 
more difficult and more expensive to send general waste to landfill due to increases in landfill 
tax and more stringent regulation. In addition, wastes that contain hazardous substances must 
be treated to remove the hazardous properties and prevent damage to the environment. In 
1975 the EU Directive on Waste (The Waste Framework Directive) declared that waste must 
be recovered or disposed of without endangering human health or the environment. Further to 
this the Environment Protection Act, drawn up in 1990, ensures that waste handling, disposal 
and recovery methods do not damage the environment. The EC Landfill Waste Directive of 
1999 was implemented in England and Wales by the Landfill Regulations of 2002 and 
subsequent amendments which introduced a ban on the co-disposal of hazardous, non-
hazardous and inert wastes, and prevented tyres, liquids, infectious chemicals and certain 
hazardous wastes being disposed of in landfill. Control, permits, monitoring, reporting and 
closure of landfill requirements were introduced which has resulted in many UK landfill sites 
closing due to increased operating costs. The National Waste Strategy in 2000 aimed to 
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reduce the quantity and hazardousness of waste while increasing reuse, recycle, composting 
and energy recovery, possibly by developing alternative recovery technologies. The EU 
Hazardous Waste Directive and The Hazardous Waste Regulations provide a list of properties 
that render a waste hazardous, ban mixing of hazardous and non-hazardous wastes and 
introduce compliance schemes with full records. This was then replaced by the European 
Waste Catalogue in 2000 and The List of Waste Regulations in 2005.  
 
The metal-containing waste streams which form the basis of this research are wastes arising 
from mining operations, low grade ores and end-of-life materials such as electrical and 
electronic goods and batteries. Waste streams such as waste electrical and electronic 
equipment (WEEE) and battery waste contain valuable metals which should be recovered to 
conserve primary resources. 
4.3.1 Waste Electrical and Electronic Equipment and Batteries 
Waste Electrical and Electronic Equipment (WEEE) is a problematic waste stream due to the 
presence of hazardous materials such as cadmium, mercury, lead and other heavy metals, as 
well as organic components such as brominated flame retardants [217]. Legislation prevents 
WEEE from being disposed of to landfill or incineration, without treatment [217].  Some of 
the metals contained in WEEE could, with the correct treatment, be recovered economically 
because, in comparison with extraction of primary metals, the recycle process usually 
involves the use of less energy.   
 
The EU WEEE Directive in 2002 aimed to reduce the amount of WEEE being sent to landfill 
and to encourage its reuse and recycle. Appliances must be treated without endangering 
human health or the environment. Specific components, such as batteries, must be removed 
before disposal and the design of EEE must allow easy removal of batteries according to the 
EU Directives on Batteries and Accumulators, 2006. The directive also states that disposal or 
incineration of batteries is not permitted without pre-treatment and the development of new 
recycling technologies should be encouraged. The recycling efficiency target for zinc-
manganese batteries was set at 50% by 2011. Currently, due to the limited number of battery 
recycling facilities in the world, The Transfrontier Shipment of Waste Regulations 2007 
permit batteries to be shipped between countries provided that the batteries are going to be 
recycled and all permit requirements are met. Although batteries are now commonly collected 
and sorted in the UK, they are not treated locally and are exported for treatment and disposal.  
 
There are a number of potentially hazardous components present in battery waste including 
mercury, lead, copper, zinc, cadmium, manganese, nickel and lithium [218]. Manganese and 
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zinc make up  over 30% of battery waste [219], and in a  WRAP study [220] it was found that 
93% of a sample of 113.8 tonnes of mixed battery waste consisted of Zn-based batteries, 
while another collection sample of 1 tonne of batteries was found to comprise 85% alkaline 
batteries containing 197 kg of zinc and 229 kg of manganese [221]. Recovery of zinc and 
manganese from waste alkali batteries is the theme of part of the work described in this 
chapter. 
 
Alkaline Zn-Mn batteries contain large amounts of metallic zinc, gelling agent and 
manganese oxides (MnO2, Mn2O3 and MnO) [222]. The anodic compartment of the battery 
contains 67.1% Zn while the cathode is mainly MnO2 (Figure 4-4) [222, 223].  During use 
zinc metal is oxidised to ZnO and therefore much of the zinc in the battery waste (black mass) 
is present as zinc oxide. Table 4-2 summarises the analysis of 3 alkaline batteries from two 
previous studies [223, 224], highlighting the fact that even within the same type of batteries 
the composition is variable and therefore a treatment process must be able to tolerate this 
variation. 
 
 
Figure 4-4: Schematic diagram of an alkaline battery 
 
In the present work a study is carried out on the use of ILs to separate zinc and manganese 
oxides from alkaline battery black mass wastes, with the aim of providing a technology that 
would not involve multiple steps, would not require high energy input, would not result in the 
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release of organics into the atmosphere, and would not be dependent upon the composition of 
the incoming waste.  
 
Table 4-2: Percentage metal content of 3 types of alkaline battery [223, 224] 
 Content (%) 
Metal Alkaline  
Battery 1 
Alkaline  
Battery 2 
Spent Alkaline 
Battery 
Mn 32.35 26.60 45 
Zn 12.19 20.56 21 (as ZnO) 
K (electrolyte-KOH) 5.5 7.3 4.7 
Na 1.35 0.10 - 
Fe 0.17 0.15 0.36 
Ni 0.013 0.008 - 
Cd 0.013 0.0007 0.06 
Hg 0.009 0.012 1 
Pb 0.005 0.005 0.03 
 
In Chapter 3 it was reported that ZnO is very soluble in HBetNTf2, while Zn and MnO2 are 
not, and that the solubility of ZnO in the IL increases with increasing water content in an 
HBetNTf2:H2O mixture. It was also reported, in Chapter 3, that protomimBr can dissolve a 
number of metal-containing materials, including zinc, zinc oxide and manganese dioxide and 
that both manganese and zinc can be recovered from solutions in this IL. It is these 
observations that are exploited in the work described in this chapter on both synthetic black 
mass and black mass from alkaline battery waste. 
4.3.1.1 Recovery of Metal Value from Spent Battery ‘Black Mass’  
Black mass waste from spent alkaline batteries contains a mixture of metal-containing 
materials namely: unused zinc metal (anodic material), zinc oxide and manganese oxides, 
along with non-metallic gelling agents.  In order to assess the potential of using ILs to recover 
the metal values from this type of waste, samples of both synthetic and spent-battery black 
mass have been studied. 
4.3.1.2 Synthetic Black Mass 
A mixture of Zn (0.5 g), ZnO (0.5 g) and MnO2 (0.5g) was prepared to represent the black 
mass mixture. Since zinc oxide dissolves in the IL (HBetNTf2) used in this work but zinc 
metal does not, for maximum extraction of the zinc content from the black mass mixture it 
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would first be necessary to heat the black mass to a temperature high enough to convert zinc 
metal to zinc oxide. This process would also result in a synthetic black mass with a 
composition more similar to the black mass recovered from a spent battery, in which the zinc 
has been oxidised during use. The optimum temperature for zinc oxidation was determined 
from TG-DSC data (Figure 4-5) to be about 600oC. The TG-DSC data for the synthetic black 
mass mixture, oxidised at 600oC by heating it in air (Figure 4-6), show a much reduced 
feature at 420oC that corresponds to the melting point of zinc metal (Figure 4-7). 
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Figure 4-5: TG-DSC profiles of reference Zn and MnO2 under air (red trace=mass, blue 
trace=heatflow) 
 
 
 
Figure 4-6: Synthetic oxidised black mass 
 
Extraction Trial 
Oxidised synthetic black mass (200 mg) was added to the IL HBetNTf2 (6 g) and in a separate 
experiment to an HBetNTf2-water mixture and stirred at 600 rpm at 80oC for 1 hour. The 
mixtures were then filtered under vacuum and the brown-black residues were washed 
thoroughly with ethanol before characterisation by TG-DSC (Figure 4-8), XRD (Figure 4-9) 
and ICP-AES.  
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Figure 4-7: TG-DSC profiles of synthetic black mass samples in nitrogen and in air(red trace=mass, 
blue trace=heatflow) 
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Figure 4-8: TG-DSC Profile of undissolved portion of synthetic black mass (red trace=mass, blue 
trace=heatflow) 
 
The X-ray diffraction pattern of the residue, shown in Figure 4-9, confirms it to be a mixture 
of manganese-containing phases, including Mn2O3 (pink lines), MnO2 (brown lines) and 
ZnMn2O4 (green lines). The ICP-AES results show that the residue contains more manganese 
(61%) than zinc (4%) and the TG-DSC profile shows no Zn-metal presence (lack of 
endotherm at around 400oC) and has an appearance more similar to MnO2. The zinc content is 
much less than the original zinc content of the synthetic black mass (57%) confirming that 
most of the zinc has been separated from MnO2  by selective dissolution in HBetNTf2.  
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Figure 4-9: XRD Pattern of the undissolved portion of synthetic black mass 
 
The presence of even small quantities of water in the IL (HBetNTf2) was found to increase 
both the speed and quantity of dissolution of the zinc oxide in the synthetic black mass as well 
as providing a solution that was easier to filter at room temperature. Amounts of water from 
one drop to 20% in the IL were found to be beneficial.  
 
4.3.1.3 Spent Battery Black Mass 
Following the successful separation of zinc from manganese, in a sample of synthetic black 
mass, extraction from real black mass was studied. Samples of black mass were collected 
from a spent alkaline battery, as illustrated in Figure 4-10, and washed thoroughly with water 
to remove KOH until the washings were at neutral pH to allow easier handling in the initial 
stages of methodology development. The resulting solid mixture was dried, ground and sieved 
to 850 µm to produce a black mass powder (Figure 4-11) that was characterised by TG-DSC, 
XRD and ICP-AES. 
    
 
Figure 4-10:  Collection of black mass from an alkaline battery 
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Figure 4-11: Dried black mass and residues removed by sieving 
 
Comparison with the reference TG-DSC profiles of zinc, ZnO and MnO2, (Figure 4-12), 
shows that zinc is present in the black mass sample (endotherm at 420oC, the melting point of 
zinc metal) while the small exothermic response at 550oC suggests the presence of MnO2. The 
TGA profile of the sample correlates most closely to the MnO2 profile but with a slight 
increase in mass from 700oC due to the oxidation of zinc metal. The significant presence of 
zinc in the sample indicates that although the battery had been used and was considered 
“spent” not all of the zinc had been oxidised as might be expected.  
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Figure 4-12: TG-DSC of black mass vs reference Zn, ZnO and MnO2, under air 
 
ICP-AES analysis of the powdered black mass confirmed that it had the composition listed in 
Table 4-3 and, specifically, that it contains 39.2% of zinc and 35.1% of manganese. 
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Table 4-3: Metal content of black mass as determined by ICP-AES 
Metal Weight % Limit Metal Weight % Limit 
Al < 0.0100 Mn 35.1 0.0002 
Ba 0.647 0.0005 Na 0.137 0.0025 
Ca 0.0099 0.0025 Ni < 0.0050 
Co < 0.0025 P < 0.0249 
Cu < 0.0050 Pb 0.021 0.0050 
Fe < 0.0075 S 0.315 0.0249 
K 0.142 0.0199 Sr 0.0091 0.0002 
Mg 0.0019 0.0002 Zn 39.2 0.0025 
< = below detection limit 
The X-ray powder diffraction pattern of black mass (Figure 4-13a) is consistent with the 
material being a mixture of zinc metal (black lines in Figure 4-13d), zinc oxide (black lines in 
Figure 4-13c) and manganese dioxide (black lines in Figure 4-13b) or MnO(OH).  
 
(a) 
 
(b) MnO2  (c) ZnO   (d) Zinc 
Figure 4-13:Powder XRD pattern of (a) collected black mass and shown with (b) MnO2, (c) ZnO and 
(d) Zn expected patterns 
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Extraction Trial 
The collected black mass sample was used in the study of the extraction of zinc from black 
mass in both HBetNTf2 and protomimBr.  
(i) Extraction of zinc using HBetNTf2 
Samples of black mass, as-obtained, without oxidising any zinc present, were heated and 
stirred with HBetNTf2 and 20% water at 80oC for 1 hour at 600 rpm. The undissolved solid 
was removed by vacuum filtration and washed thoroughly with ethanol and the mass of the 
dry brown-black residue was determined.  27-30% of the black mass as-obtained dissolved in 
HBetNTf2 in the presence of 20% water.  When sodium hydroxide and ethanol were added to 
the filtrate and left to stand, off-white precipitates were obtained (Figure 4-14). 
 
 
Figure 4-14: Pictorial representation of the treatment of black mass with HBetNTf2 
The data for a sample of black mass (472.5 mg) treated with HBetNTf2 (5.09 g) and water 
(0.73 g) at 80oC and 600 rpm for 1 hour prior to vacuum filtration to remove the brown-black 
undissolved residue are in Table 4-4. The dried residue was characterised as described below. 
The dissolved material contained 117.5mg of zinc, about 60% of the total present in the as-
obtained black mass. This is consistent with the dissolution of the zinc oxide present in the 
sample leaving any zinc metal in the residue. 
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Table 4-4: Dissolution of black mass in and recovery from HBetNTf2 (sample data from 1 of 3 
repetitions provided) 
Black mass 472.5mg 
IL 5.09g 
Water 0.73g 
Residue 331.6mg 
Dissolved 140.9mg 
% dissolved 30% 
 
The residue of the black mass that did not dissolve in HBetNTf2 was thoroughly washed using 
ethanol to ensure complete removal of the IL and characterised by TG-DSC, ICP-AES and 
XRD. The residue contained 34.6% Mn, along with Zn metal, identified by the endotherm at 
420oC in the DSC pattern, and an exothermic reaction seen at 550oC that corresponds to the 
decomposition of MnO2. The XRD pattern of the undissolved residue shows that the major 
components of the sample are manganese dioxide and zinc metal but that there is no evidence 
for the presence of zinc oxide in the powder diffraction data which is in agreement with the 
fact that the oxide should have dissolved in the IL.  
 
The XRD pattern of the off-white powder precipitated from the part of the black mass 
dissolved in HBetNTf2, on addition of NaOH, is consistent with the material containing ZnO. 
  
(ii) Extraction of zinc using protomimBr  
Samples of black mass, as-obtained, without oxidising any zinc present were heated and 
stirred with protomimBr at 80oC for 1 hour at 600 rpm. The undissolved solid was removed 
by vacuum filtration and washed thoroughly with ethanol and the mass of the dry brown-
black residue was determined. ProtomimBr is not such a good solvent as HBetNTf2 for the 
selective dissolution of components of black mass, but the insoluble residue and the nature of 
the precipitates (Figure 4-15), obtained by adding water, methanol and ethanol to the soluble 
fraction, were characterised for comparison with those from the HBetNTf2 system. 
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Figure 4-15: Pictoria representation of the treatment of black mass with protomimBr 
 
The TGA of the brown insoluble residue is similar to that obtained from the HBetNTf2 system 
with the XRD powder data showing the presence of zinc and manganese in the residue. 
Powder XRD patterns (Figure 4-16, Figure 4-17 and Figure 4-18) for the precipitates obtained 
by adding ethanol, methanol and water to the solution resulting from the treatment of black 
mass with protomimBr are identical to each other. The precipitates obtained are also identical 
to the ZnBr2(mim)2 phase described in detail in Chapter 5.  
 
Figure 4-16: Powder XRD pattern of precipitate from black mass-protomimBr solution on ethanol 
addition (top) vs ZnBr2(mim)2 (bottom) 
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Figure 4-17: Powder XRD pattern of precipitate from black mass-protomimBr solution on methanol 
addition (top) vs ZnBr2(mim)2 (bottom) 
 
 
Figure 4-18:Powder XRD pattern of precipitate from black mass-protomimBr solution on water 
addition (top) vs ZnBr2(mim)2 (bottom) 
 
4.3.1.4  Summary 
Studies on the solubility of components of synthetic black mass and alkaline battery black 
mass waste show that zinc oxide is selectively dissolved from the zinc oxide-manganese 
dioxide-zinc mixtures. The work further shows that to achieve maximum zinc value 
extraction using HBetNTf2, it is necessary to pre-treat battery black mass waste to rapidly 
oxidise the unused zinc metal in the waste to zinc oxide prior to treatment with the IL. Black 
mass can also be treated with protomimBr to separate the zinc fraction as a zinc-IL complex, 
described in Chapter 5. 
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4.3.2 Mineral Ores and Mineral Ore Waste  
Mining waste refers to all waste that is produced during the extraction, beneficiation and 
processing of an ore. This waste includes inert materials such as top soil and potentially more 
hazardous materials such as tailings. Much of the mining waste is inert and can be stored 
safely in heaps on-site, with the intention of using it to backfill and landscape the mining 
operations once they have ceased. Tailings tend to be stored in dams and heaps for possible 
treatment later as they may contain high levels of heavy metals [225, 226]. The Mining Waste 
Directive of 2004 (amended 2006) requires waste management plans to be produced that aim 
to reduce the volume of waste, encourage recycling, re-use or reclamation and encourage safe 
disposal of wastes. Mining waste is a very heavy, high volume waste and it is generally not 
feasible to transport it away from site, for this reason, it is necessary to use a treatment 
technology that can be performed on site, and IL technology could provide modular or 
portable methods of treatment that could easily be installed on any site as required. 
 
As high metal content ores are depleting, poorer quality ores are becoming more prevalent. 
These low grade ores often contain such a low metal content that extracting the metal using 
conventional technologies is not always economically feasible. With the use of improved and 
novel technologies, it may be possible to recover small amounts of valuable metals with lower 
energy and resource inputs than required with current technologies. An efficient IL 
technology that is designed for the treatment of mining wastes could also be applied to the 
extraction of low levels of metals from low-grade ores. 
 
Copper is traditionally extracted from its ores, and particularly sulfide ores, by 
pyrometallurgical oxide roasting. In Chapter 3 no IL was initially found to dissolve more than 
10 mg/g of CuS. Copper oxide on the other hand was found to be soluble in a number of ILs, 
opening up the possibility of extracting copper from oxide ores or from the oxide containing 
residues of pyrometallurgical treatments.  In order to study the possible use of ILs in this type 
of extraction, a study was carried out on the solubility of the ore, malachite, in ILs. Malachite 
is a common ore of copper that occurs in the locality of other copper-bearing ores. It has the 
general formula, Cu2(CO3)(OH)2, and contains about 72% copper oxide. The mineral is 
attractive (Figure 4-19) and has found popular ornamental use due to its bright green colour 
and the concentric rings that occur in the stone. Although malachite is usually used as an 
indicator for the presence of more major copper ores such as chalcopyrite (CuFeS2), it could 
also be used as a source of copper, along with other copper ores such as cuprite.  
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Figure 4-19: A stone of malachite 
Following the successful demonstration (Chapter 3) that copper and copper oxide can be 
dissolved in protomimBr and protomimCl, a study has been carried out on the potential of 
using these ILs to recover copper from copper oxide phases using malachite as a model.    
 
Malachite was purchased from crystalage.com and characterised by powder XRD, FTIR 
spectroscopy, ICP-AES and TGA, as follows: 
 
XRD: 
The XRD pattern of malachite shown in Figure 4-20, matches the reference XRD pattern held 
by the Royal School of Mines, Imperial College London.  
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Figure 4-20: XRD pattern of malachite 
FTIR Spectrum:  
νmax(KBr)/cm-1 3400 (υOH, water of crystallisation), 3315 (υC=O, overtone), 1490, 
1380 (υCO2 sym), 1095, 1045, 870, 815, 745, 710, 620, 600 
 
TGA:  Onset decomposition at 310oC with 28% mass loss followed by secondary 
decomposition at 840oC of 7% to leave a 65% residue at 1000oC. 
Chapter 4  Anna Gooding 
-149- 
ICP-AES:  
Table 4-5: Metal content of the malachite sample as determined by ICP-AES 
Metal Weight % 
Al 0.0093 
Ca 0.0027 
Co 0.0031 
Cu 60.5 
Mg 0.0052 
Mn 0.0006 
P 0.256 
Zn 0.0068 
 
4.3.2.1 Dissolution of Malachite in ILs 
Malachite (50 mg) was mixed with protomimBr (1 g) and stirred magnetically at 600 rpm at 
80oC for 30 minutes. The resulting solution was filtered and the residue was washed and dried 
to determine the solubility of the mineral in the IL. 50 mg of malachite completely dissolved 
in 1 g of IL to produce a solution that was initially purple and then turned bright green during 
heating.  
 
The solubility of malachite, from a large piece of the mineral, in protomimBr (Figure 4-21), 
by heating and stirring the mixture, was determined by both mass difference and flame AAS 
for copper in the filtrate. The results summarised in Table 4-6 state that between 34 and 52 
mg/g of malachite dissolved in protomimBr when a single large piece of malachite was used. 
 
                 
Figure 4-21: Addition of whole malachite piece to protomimBr 
 
 
 
 
 
 
Chapter 4  Anna Gooding 
-150- 
 
Table 4-6: Dissolution of malachite in protomimBr from large pieces of mineral 
Trial 1 2 3 
Malachite (mg) 322 185 279 
IL (g) 0.956 0.930 1.166 
Undissolved (mg) 282 153 219 
mg/g malachite in IL 41 34 52 
% Cu in solution (AAS) 2.2% 1.7% 2.7% 
mg/g malachite in IL 44 34 52 
 
In order to determine the quantitative solubility of malachite in protomimBr, powdered 
malachite (200 mg) was heated and stirred with protomimBr (1 g) in a protomimBr:H2O 
mixture for 30 minutes, and the undissolved malachite filtered off. The results in Table 4-7 
show that between 136 and 142 mg/g malachite can be dissolved in protomimBr in the 
presence of water.  
Table 4-7: Dissolution of malachite and recovery from protomimBr 
 Expt 1 Expt 2 Expt 3 
Malachite (mg) 214.4 202.6 199.4 
protomimBr (g) 1.011 1.015 1.171 
Undissolved malachite (mg) 71 62 40 
Solubility of malachite in 1g protomimBr 141.8 142.5 136.1 
 
Malachite is also very soluble in cyanomimBr (which consists mainly of protomimBr), protomimCl, 
cyanomimBr:H2O and in protomimCl: H2O, as can be seen in  
Figure 4-22 which also shows that malachite is behaving in a manner similar to CuO in these 
IL systems.   
 
Figure 4-22: Colour study of CuO and malachite in various ILs and IL components 
 CuO Malachite  CuO Malachite 
ProtomimBr 
   
ProtomimBr +H2O 
   
ProtomimCl 
   
ProtomimCl + H2O 
   
CyanomimBr 
   
CyanomimBr +H2O 
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4.3.2.2 Recovery of copper from Malachite:IL Solutions 
The recovery of copper values from solutions of malachite in protomimBr was studied by 
three methods: (i) ethanol addition; (ii) water addition; and (iii) cementation. 
 
Ethanol Addition 
100 mg of malachite was added to 1 g of protomimBr and heated and stirred at 600 rpm, at 
80oC until it all dissolved, ethanol was added and the mixture was left to stand to allow 
precipitation and crystal formation. The crystals were collected by vacuum filtration and 
analysed by FTIR spectroscopy, TGA and powder XRD. 200 mg of green crystals were 
collected from the solution (Figure 4-23). The crystals are similar in appearance to those 
isolated from a solution of CuO in protomimBr and described in detail in Chapter 5 as 
CuBr2(mim)2, which is consistent with the following characterisation data. 
 
 
Figure 4-23: Crystals collected from solution of malachite in protomimBr 
 
FTIR Spectrum:  
νmax(KBr)/cm-1 1540 (C=N), 1520 (C=C), 1445 (δCCH3), 1420 (CH3), 1285 (N-CH3), 
1235 and 1105 (C-H), 1090 (ring δCH), 845 and 765 (C-H bend) 
 
TGA:  
Initial decomposition onset at 200oC, with gradual mass loss of 60% to 550oC where 
the rate of decomposition increased to leave a residue of 9% at 800oC. 
 
Melting point:  
142-146oC 
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XRD: 
 
Figure 4-24: XRD pattern of crystals from solution of malachite in protomimBr (blue) vs CuBr2(mim)2 
(pink)   
 
The FTIR spectrum, TGA profile, determined melting point and XRD pattern (Figure 4-24) 
all confirm that the crystals isolated from a solution of malachite in protomimBr are identical 
to the CuBr2(mim)2 crystals prepared and discussed in Chapter 5. 
  
Malachite is also soluble in protomimCl and green crystals, shown in Figure 4-25, were 
collected by addition of ethanol to the solution. 
 
 
Figure 4-25: Crystals from solution of malachite in protomimCl 
 
FTIR: 
νmax(KBr)/cm-1 3130 (CH), 1535(C=N), 1515 (C=C), 1415 (CH3), 1280 (N-CH3),  
 
TGA:  
Onset decomposition at 160oC, with gradual and varying rates of mass loss up to 
800oC leaving a 15% residue at 1000oC. 
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Melting point: 138-142oC  
 
Powder XRD:  
 
Figure 4-26: XRD pattern of green crystals collected from solution of malachite in protomimCl (pink) 
vs CuCl2(mim)2 (blue) 
 
The FTIR spectrum, TGA profile, determined melting point and the XRD pattern (Figure 
4-26) of the green crystals all confirm that CuCl2(mim)2 (described in Chapter 5) has been 
produced from a solution of malachite in protomimCl.  
 
Water Addition 
Addition of water to a solution of malachite in protomimBr causes the precipitation of a white 
to pale blue solid (shown in Figure 4-27) which has been collected by vacuum filtration and 
characterised by FTIR spectroscopy, TGA and powder XRD.   
 
 
  
Figure 4-27: Addition of water to solution of malachite in protomimBr 
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FTIR Spectrum:  
νmax(KBr)/cm-1 3515, 3410(OH of crystallisation), 845, 810, 775, 680  
TGA:  
Onset decomposition temperature at 250oC with 22% loss, followed by a further 30% 
loss at 550oC, 5% loss at 830oC to leave 43% at 1000oC. 
 
XRD: 
 
Figure 4-28: Powder XRD pattern of precipitate from malachite-IL solution on addition of water 
 
The XRD pattern of the precipitate is a good match with that of copper bromide hydrate, 
Cu2(OH)3Br, which is shown as the black lines in Figure 4-28. 
 
Cementation by Zinc Addition  
50 mg of zinc was added to a 50mg/g solution of malachite in protomimBr and the 
precipitates were washed with either water or ethanol and collected by vacuum filtration and 
analysed by TGA and powder XRD. Precipitates then formed in the filtrates which were 
collected and washed by vacuum filtration before characterisation by flame AAS, FTIR 
spectroscopy and TGA. 
 
Addition of zinc to a solution of malachite in protomimBr caused the dark purple solution to 
become a light purple to colourless solution containing a red-brown precipitate (Figure 4-29), 
identified from its XRD powder pattern as copper metal (Figure 4-30).  
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Figure 4-29: Precipitate from solution of malachite in protomimBr on addition of zinc 
 
TGA:  3% increase in mass up to 200oC before mass loss from 250-1000oC 
to leave a residue of 99%. 
 
XRD: 
 
Figure 4-30: Powder XRD pattern of precipitate from malachite-IL solution on addition of zinc 
 
Over time, crystallisation occurred in the ethanol filtrates to produce yellow crystals that 
could be collected by vacuum filtration and are identified by FTIR Spectroscopy, TG-DSC 
and Flame AAS (Cu content 0.1%) to be Zn(mim)2Br2, which is prepared, identified and 
discussed in Chapter 5. 
 
FTIR Spectrum: νmax(KBr)/cm-1 3120 (CH ar), 1540 (C=N), 1520 (υC=C ar), 1420 
(CH3), 1235 and 1105 (δCH ip), and 845 (δCH oop) 
 
TG-DSC: Gradual loss from 100 to 450oC of 23% then 20% loss at 680oC to 
leave 67% at 1000oC 
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4.3.2.3 Summary 
Studies on the solubility of malachite in the ILs protomimBr, protomimCl and cyanomimBr 
and in the IL:water systems involving these solvents shows that the oxide ores of copper can 
be easily solubilised in these novel solvents. The work further shows that copper can easily be 
recovered from the solutions by various methods including cementation, although in 
commercial usage it would be more likely that the metal will be recovered from the solutions 
by electrowinning. This methodology could prove particularly useful in the recovery of 
copper from wastes and low grade ores. 
 
4.4 Conclusion 
The use of ILs as solvents to recover metal values from wastes and low grade primary 
materials has been studied using alkali battery black mass waste and the mineral, malachite, 
as model systems. Both studies show that valuable metal components of the waste and ore 
dissolve in the ILs and that the metal values can be recovered by a number of extraction 
processes. The solubility of components of synthetic black mass and alkaline battery black 
mass waste show that zinc oxide is selectively dissolved from the zinc oxide-manganese 
dioxide-zinc mixtures, while studies on the solubility of malachite in the ILs protomimBr and 
protomimCl and in the IL:water systems involving these solvents show that the oxide ores of 
copper can be easily solubilised, and that the copper can easily be recovered from the 
solutions by various methods. 
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5.1 Role of the IL and Mechanisms of Solvation 
The solubility of metals and metal compounds in ionic liquids (ILs) described in Chapter 3 
results from direct interaction between the metal or metal salt and the IL, so that the IL acts as 
both solvent and extractant.  There are, however, a number of other methods for achieving 
dissolution of metals in ILs. The simplest is to utilise the common-ion effect by dissolving a 
metal ion salt in a solvent with the same anion as the IL, a method particularly popular in 
electrochemistry [126]. Other methods, which include dissolving the metal in an organic 
solvent and then mixing this solution with the IL and evaporating off the solvent, or using the 
IL as a diluent for an extractant that will bind with the metal and bring it into solution in the 
IL phase [3],  have not been considered in this work because (i) using a solvent containing the  
anion of a metal salt to extract a metal from a metal-containing waste would not be 
controllable, (ii) an IL must not break down when it acts as a solvent since, for economic 
reasons, it is necessary to be able to recycle the IL, (iii) the use of excess organic solvents 
should be avoided, and (iv) extractants can be expensive and lead to problems with disposal  
[153].  
 
Many interactions can take place simultaneously between an IL and a solute, including 
dipolar, ionic, π-π and H-bond donor and acceptor interactions [26]. The 
alkylmethylimidazolium ILs are good H-bond donors because they have three different types 
of hydrogen that have the ability to H-bond – those on the imidazole ring, the NCH3 end-
group and the NCH2 at the beginning of the alkyl chain [227]. The extent of the ability for the 
cation to H-bond depends on the anion present, with the chloride-ILs having the lowest 
donating ability, and the NTf2-ILs, the highest, in contrast to the IL’s ability to accept H-
bonds [227]. Some ILs will also perform ion exchange with metal ions to maintain a neutral 
system, although care must be taken with this type of mechanism as it results in a change in 
the IL itself. The dissolution of copper oxide in bmimPF6, which results in the formation of a 
square planar complex around the copper centre, with 4 methylimidazole ligands and water 
molecules interacting via the octahedral sites, is an example of dissolution by complex 
formation [137]. The acidity of an IL, and, therefore, its coordinating ability depends mainly 
upon the nature of the anion, for example chloride and nitrate are strongly coordinating while 
NTf2-, BF4-  and PF6- are weakly coordinating species and acidic Al2Cl7- is non-coordinating 
[3, 6]. A strongly coordinating anion such as dicyanamide (dca-) can form a highly 
coordinated metal-anion complex with metal chlorides in a salt lattice arrangement [126]. 
Despite being only a weakly coordinating anion, NTf2- can interact with copper and iron via 
its nitrogen ion, but many metal salts are poorly soluble in mimNTf2-ILs as the ions do not 
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have high enough solvation energy to break the binding interactions in the metal compounds 
in the solid state [3, 11, 23, 29, 126]. 
 
Ionic liquids can be designed to selectively extract particular substances from a mixture by 
changing the anion or modifying the cation to create a task-specific IL (TSIL). Functional 
groups which are said to promote the dissolution of metals are amino, hydroxyl, thioether, 
carboxylic acid and olefin groups [23, 116, 128]. For example, ionic metal oxides can 
coordinate via the alcohol group of choline chloride in deep eutectic solvent (DES) ILs, while 
covalent metal oxides, such as CuO, are insoluble [44]. Although the alcohol functional group 
of choline chloride does not coordinate well with copper oxide, the more coordinating 
carboxylic acid group in HBetNTf2 aids dissolution of CuO [23, 228]. The HBet+ cation can 
form carboxylate complexes with metal and rare earth oxides, allowing them to dissolve in 
the IL, a process that will occur more quickly in the presence of water as the carboxylic 
proton is more mobile [23, 129, 138]. When alkali metal hydroxides are dissolved in 
HBetNTf2, the pH increases above 8 and the IL becomes hydrophilic [23].  Molecules that are 
more basic than betaine attract the proton of HBet+ to form a salt bridge, BaseH+…Bet, 
allowing the IL to dissolve in water, but if they are less basic then the base interacts via the 
quaternary N of HBet+ [23, 129]. It is also possible to functionalise the anion, for example the 
strongly coordinating hexafluoroacetylacetonate anion forms a hydrophobic IL with the 
bmim+ cation which can dissolve copper and cobalt [229]. Three anions will coordinate in a 
bidentate manner to produce a metal centre of octahedral geometry, with the neutrality of the 
solution being maintained by the cation moving to the aqueous phase to form an ion-pair with 
the initial cation of the metal [229].  
 
5.2  Metal Interactions with Ionic Liquids 
During the course of this research, it was observed that colour changes occurred in metal ion-
IL solutions, and crystalline materials were precipitated from other metal ion–IL solutions.  
The aim of the work described in this chapter is to make use of these observations to identify 
the types of interactions occurring between metal ions and ILs as solvents. 
 
Observations of the colour of solutions of some transition metals can be indicative of the 
geometry of ligands around the metal ion. The blue colour obtained when cobalt is dissolved 
in an IL, for example, is indicative of a tetrahedral geometry around the cobalt which can be 
changed to a pink octahedral environment by addition of water to the cobalt ion-IL solution.   
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First indications of the nature of the interactions between a metal ion and IL can sometimes be 
obtained by comparing the FTIR spectrum of the metal ion-IL solution with that of the IL 
itself. Any interaction between a donor atom in the IL and the metal ion is identified by shifts 
in that part of the vibrational spectra that correspond to vibrations involving the donor atom.  
 
Single crystals have been isolated from some metal ion-IL solutions, providing an opportunity 
to study the nature of the interactions between the metal ion and the IL by single crystal 
structure determination. The single crystals have been characterised by FTIR spectroscopy, 
TG-DSC, powder XRD and in some example cases, single crystal XRD. The raw analytical 
data that is not presented in this chapter can be found in Appendix C. Metal and metal 
compound interactions of zinc, copper, manganese and cobalt in ILs of cyanomim and 
protomim halides are now discussed in terms of their synthesis and characterisation, and the 
structures of the crystals obtained from zinc, copper, manganese and cobalt ions in these ILs 
are described later in this chapter. 
 
5.2.1 Synthesis and Characterisation of Zinc-IL Complexes 
Although zinc metal is not soluble in 1-methylimidazole or 3-bromopropionitrile, it does 
dissolve in the IL 1-(2-cyanoethyl)-3-methylimidazolium bromide that is formed by the 
interaction of these two compounds. 
 
The work described in Chapter 3, however, suggested that the ILs prepared as cyanomimBr 
actually contain large quantities of protomimBr that can also be prepared by the interaction of 
1-methylimidazole and hydrobromic acid.  In order to confirm the nature of the cyanomim 
halides and to investigate the solubility of zinc and zinc compounds in cyanomim halides and 
protomim halides, the following complex solutions were prepared and the crystalline products 
from the solutions characterised: 
 
• Zinc metal in cyanomimBr solution 
• Zinc oxide in cyanomimBr solution 
• Zinc sulfide in cyanomimBr solution 
• Zinc metal in protomimBr solution 
• Zinc metal in protomimCl solution. 
 
5.2.1.1  Zinc in cyanomimBr Solution 
The maximum solubility of zinc in cyanomimBr was determined by gradually adding zinc 
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metal (5 mg portions) to cyanomimBr (1 g), until no more would dissolve, at 80oC, with 
stirring at 600 rpm for 30 minutes.  
 
The solubility of zinc in cyanomimBr was found to range from 32-38 mg/g. Addition of 
ethanol and water to the solution did not cause precipitation but addition of methanol, and 
leaving the mixture to stand overnight, produced clear colourless crystals (Figure 5-1).  The 
solid crystals that precipitated from the solution were collected by vacuum filtration and 
washed with ethanol and characterised. The precipitate was purified by dissolving it in a 
minimum quantity of acetone and filtered to remove any un-dissolved zinc.  Ethanol was 
added to the filtrate, which was then heated at 57oC to remove the acetone and recrystallise 
the complex in the ethanol. The recrystallised solid was vacuum-filtered and washed with 
ethanol prior to full characterisation.  
 
 
Figure 5-1: Crystalline precipitate produced from solution of zinc in cyanomimBr 
 
The solid crystals were characterised by FTIR spectroscopy, TG-DSC, elemental analysis (C, 
H, N & Br), mass spectrometry, ICP-AES and powder XRD, as presented below, with a full 
single crystal structure determination of the crystals obtained presented in Section 5.3.1:  
 
FTIR:  νmax(KBr)/cm-1 3120, 1540, 1520, 1420, 1285, 1235, 1105 and 845  
 
TG-DSC:  Melting point at 190oC, with 88% decomposition occurring between 200-
550oC and the remaining mass loss of 12% up to 1000oC to leave no residue 
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Elemental Analysis:  
The elemental analysis of the crystalline material is shown in Table 5-1.  ICP-AES analysis 
showed that the crystals contained 20% zinc by mass. 
 
Table 5-1: Elemental analysis of the Zn-cyanomimBr complex 
 C H N Br Zn 
Zn-cyanomimBr crystals (wt %) 24.8 3.0 14.3 35.7 20.4 
 
Mass Spectrum:  
In the mass spectrum, it would be expected to see signals for the cation, anion, zinc and 
combinations of all three. With a cation mass (C+) of 136, anion mass of 80 and zinc mass of 
65, the signals that would be expected, in the positive scan, are: 136 (C+), 145 (ZnBr+) and 
352 (C2Br+); and, in the negative scan, are: 80 (Br-) and 296 (CBr2-). The signals at 136 and 
352 are not observed in the positive scan, suggesting that the cyanomim+ cation is not present 
in the crystal structure, while the absence of the 145 signal confirms that the IL has not 
donated the anion to the zinc centre to simply form zinc bromide salt. 
 
+ve: 83.3 (50%), 165.1 (10%), 227.0 (5%), 308.9 (100%), 391.2 (20%), 616.9, 697.0, 1006.8 
-ve: 79.1 (100%), 97.1 (50%), 304.5 (30%), 469.0 (5%), 610.6 (1%), 694.6 (1%) 
 
The negative scan does show the peak at 80 (100% intensity) confirming that bromide is the 
main anion but there is no signal at 296 (CBr2-), which would be due to a cluster of anions 
around the cation (C+), suggesting that the  cyanomim+ cation (136) is not present in the 
crystal structure. 
 
Powder X-Ray Diffraction:  
The powder X-ray diffraction pattern of the crude sample (Figure 5-2) matches that of the 
recrystallised sample, confirming that the re-crystallisation process (involving the use of 
acetone and ethanol, as solvents) does not alter the crystal structure and the solvents are, 
therefore, suitable for removing any un-dissolved zinc metal from the precipitate if required.  
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Figure 5-2: Powder X-ray diffraction pattern of the Zn-cyanomimBr complex 
 
In summary, the analytical data suggest that the crystalline material precipitated from zinc in 
cyanomimBr solution is not a cyanomim complex bonding through the N of the CN group, 
which would have shown an infrared peak corresponding to a shift in the C≡N absorption at 
2025 cm-1 and signals at 136 g and 296 g in the positive and negative MS scans respectively. 
 
5.2.1.2 Zinc Oxide in cyanomimBr Solution 
The maximum solubility of zinc oxide in cyanomimBr was determined by gradually adding 
zinc oxide (5 mg portions) to cyanomimBr (1 g), until no more would dissolve, at 80oC, with 
stirring at 600 rpm for 30 minutes. Water, ethanol or methanol was added to each solution to 
encourage precipitation of crystals. The solid crystals that precipitated from the solution were 
collected by vacuum filtration and washed with ethanol prior to full characterisation.  
 
The solubility of zinc oxide in cyanomimBr ranged from 21-39 mg/g. Addition of methanol 
and water to the solution did not cause precipitation but addition of ethanol caused glassy 
colourless crystals to precipitate which could be recovered by vacuum filtration.  
 
The solid crystals were characterised by FTIR spectroscopy, TG-DSC and powder XRD, as 
presented below:  
FTIR:  νmax(KBr)/cm-1 3120, 1540, 1525, 1425, 1285, 1235 and 1105, and 850  
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TG-DSC:  Melting point at 190oC with 96% decomposition occurring between 250- 
480oC. A further 2% of mass is lost up to 700oC to leave 2% of the mass of 
the sample. 
 
Powder X-Ray Diffraction:  
The X-ray diffraction powder pattern of the zinc oxide cyanomimBr solution was found 
(Figure 5-3) to be identical to the pattern for the zinc complex obtained from the solution of 
zinc in cyanomimBr, suggesting that the Zn-O bond is broken on dissolution. 
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Figure 5-3: Powder X-ray diffraction pattern of the ZnO-cyanomimBr complex vs the Zn-cyanomimBr 
complex 
 
5.2.1.3 Zinc Sulfide in cyanomimBr Solution 
Zinc sulfide (40 mg) was dissolved in cyanomimBr (8 g) by heating at 80oC and stirring at 
600 rpm for 120 minutes. The solution was allowed to cool and methanol was added to 
precipitate colourless crystals from the solution. The crystalline precipitate was collected by 
vacuum filtration and washed with ethanol prior to full characterisation. 
 
The solubility of zinc sulfide in cyanomimBr was very low, initially determined to be less 
than 10 mg/g and then determined to be 5 mg/g, with heating for 2 hours. Addition of 
methanol caused glassy colourless crystals to precipitate which could be recovered by vacuum 
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filtration.  
 
The colourless crystals were analysed by FTIR spectroscopy, TG-DSC and powder XRD, as 
presented below:  
FTIR: νmax(KBr)/cm-1 3145, 3120, 2940, 1685, 1635, 1585, 1540, 1520, 1420, 1285, 
1235, 1100, 1095, 1025, 955, 845, 770 and 740   
 
TG-DSC:  Melting point at 190oC, with 75% decomposition occurring between 210- 
550oC followed by more gradual mass loss of 19% up to 1000oC with a 1 mg 
residue (6%) 
 
Powder X-Ray Diffraction:  
The X-ray powder diffraction of ZnS in cyanomimBr (Figure 5-3) is identical to that of the 
zinc complex obtained from the solution of zinc in cyanomimBr, suggesting that the Zn-S 
bond is broken on dissolution. 
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Figure 5-3: Powder X-ray diffraction pattern of the ZnS-cyanomimBr complex 
 
5.2.1.4  Zinc in protomimBr Solution 
Zinc (35 mg, 0.535 mmoles) was dissolved in protomimBr (5.212 g, 0.032 moles) by heating 
at 80oC and stirring at 600 rpm for 30 minutes. Methanol was added to the cooled solution 
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which resulted in the precipitation of glassy colourless crystals which were recovered by 
vacuum filtration and washed with ethanol prior to full characterisation for comparison with 
the complex formed in cyanomimBr.  The solubility of zinc in protomimBr was found to be 
22 mg/g.   
 
The solid crystals were characterised by FTIR spectroscopy, TG-DSC and powder XRD, as 
presented below:  
 
FTIR: νmax(KBr)/cm-1 3465, 3120, 2945, 1630, 1540, 1520, 1425, 1285, 1235, 1105, 
845, 770 and 655  
TG-DSC:  Melting point at 190oC, with 65% decomposition occurring between 240- 
540oC followed by slow degradation up to 1000oC with a residue of 3.5% 
 
Powder X-Ray Diffraction:  
The XRD pattern (Figure 5-4) for the crystals obtained from zinc dissolved in protomimBr is 
identical to that of the zinc complex obtained from the solution of zinc in cyanomimBr, 
further confirming that cyanomimBr contains substantial amounts of protomimBr. 
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Figure 5-4: Powder X-ray diffraction pattern of the Zn-protomimBr complex vs the Zn-cyanomimBr 
complex 
 
 5.2.1.5 Zinc in protomimCl Solution 
Zinc (127 mg) was dissolved in the protomimCl (2.708 g) by heating at 80oC with stirring at 
600 rpm for 30 minutes. White crystals were precipitated on addition of methanol to the 
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cooled solution. The solid was collected by vacuum filtration with thorough washing and 
drying, prior to full characterisation. 
 
The solid crystals were characterised by FTIR spectroscopy, TG-DSC, elemental analysis for 
C, H, N and Cl and powder XRD, as presented below:  
 
FTIR: νmax(KBr)/cm-1 3430, 3125, 2940, 1640, 1540, 1525, 1425, 1235, 1105, 850, 
775 and 655  
TG-DSC:  Melting point at 205oC, with 85% decomposition occurring up to 540oC 
followed by a decreased rate of remaining 15% mass loss up to 1000oC to 
leave no residue 
 
Elemental Analysis: 
The elemental analysis for the crystalline material from the Zn-protomimCl solution is shown 
in Table 5-2.  
 
Table 5-2: Elemental analysis of the Zn-protomimCl complex 
 C H N Cl Zn 
Zn-protomimCl crystals (wt %) 31.9 4.1 18.7 23.6 22.1 
 
Powder X-Ray Diffraction:    
The XRD pattern (Figure 5-5) for the crystals obtained from zinc dissolved in protomimCl is 
similar but not identical to that of the Zn-cyanomimBr complex due to the presence of the 
smaller chloride ion changing the lattice spacing. 
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Figure 5-5: Powder X-ray diffraction pattern of the Zn-protomimCl complex vs Zn-cyanomimBr 
complex 
FTIR spectroscopy, TG-DSC and elemental analysis of the complex produced from 
protomimCl suggests that an analogous product to Zn-cyanomimBr complex has been 
formed, with the strong absorptions in the FTIR spectrum of the complex, at 1540, 1524, 
1235, 1105 and 1095 cm-1, suggesting  that a ligand is binding to the zinc centre via the 
nitrogen of the imidazole ring. The XRD pattern, however, is not the same as that for the Zn-
cyanomimBr complex due to the smaller halide in the lattice which alters the scattering 
pattern.  
 
5.2.2 Synthesis and Characterisation of Copper-IL Complexes 
The colour changes observed as copper, copper oxide and copper sulfide were separately 
dissolved in protomimBr and protomimCl may give some indication about interactions of 
copper and the IL.    
 
Copper, in these ILs and in the crystals precipitated from the solutions, shows a range of 
colours including: for example, purple, red/brown or green/brown solutions, that change 
colour with temperature; purple or reddish solutions, from which green crystals precipitate; 
and crystals that range from green to yellow to red/brown.  The colours observed in solutions 
of copper metal, copper oxide and copper sulfide in solutions relevant to the IL studies of this 
work are shown in Figure 5-6.  
 
The crystals produced from a purple solution of CuO in protomimBr are green and the 
addition of a small amount of water produces a strong blue solution, as illustrated.  
Chapter 5  Anna Gooding 
-169- 
 
      
 
In order to study the copper coordination in these ILs, the following complex solutions, using 
copper oxide as the metal component, in protomimBr and protomimCl solutions, were 
prepared and the crystalline products from the solutions characterised.  
 
 Cu CuO CuS 
 
protomimBr 
 
   
protomimCl 
 
   
HBr 
 
   
HCl 
 
  
 
1-methylimidazole 
 
   
protomimBr + 1-mim 
 
 
  
protomimBr +H2O 
 
   
protomimCl + H2O 
 
   
Figure 5-6: Colour study of copper solutes in ILs and reagents 
 
5.2.2.1 Copper Oxide in protomimBr Solution 
Copper oxide (50 mg, 0.629 mmoles) was dissolved in protomimBr (1 g, 0.006 moles), 
containing 10% water, by heating the mixture at 80oC with stirring at 600 rpm for 30 minutes.  
The solution, which was purple in colour, was left to stand and the crystals formed were then 
carefully filtered from the IL and washed with a minimum quantity of ethanol. After washing, 
the crystals changed from deep purple to green (Figure 5-7). Care had to be taken during 
washing as the crystals started to dissolve in the ethanol if not dried quickly.  
+1ml H2O 
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Figure 5-7: CuO-protomimBr complex, before, after and during washing and grinding 
 
The solid crystals were characterised by FTIR spectroscopy, TG-DSC, elemental analysis (C, 
H, N, Br and Cu) and powder XRD, as presented below, with a full single crystal structure 
determination of the crystals obtained presented in Section 5.3.2: 
 
FTIR:  νmax(KBr)/cm-1 3450, 3105, 1630, 1535, 1525, 1415, 1285, 1240 and 1110 
840 and 775  
 
TG-DSC: Melting point at 160oC, with 90% decomposition occurring between 200-
600oC and the remaining mass loss of 10% up to 1000oC to leave no residue  
 
Elemental Analysis: 
The elemental analysis of the crystals from the CuO-protomimBr complex solution is shown 
in Table 5-3. 
Table 5-3: Elemental analysis of the CuO-protomimBr complex 
 C H N Br Cu 
CuO-protomimBr crystals (wt %) 24.16 3.09 13.76 39.29 12.15 
 
Powder X-Ray Diffraction: 
The XRD pattern (Figure 5-8) for the crystals obtained from CuO dissolved in protomimBr 
shows the precipitate to be crystalline.  
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Figure 5-8: Powder X-ray diffraction pattern of the CuO-protomimBr complex 
 
In summary, the FTIR spectrum, TG-DSC profile and elemental analysis suggest that a 
copper complex, analogous to the zinc complex has been produced. Comparison of the FTIR 
spectrum of the pure IL with that of the CuO-IL solution shows a shift in the  absorption 
band, 1550 cm-1, to a lower wavenumber and the 1084 cm-1 to a higher wavenumber, 
corresponding respectively to the C=N and CH of the imidazole ring suggesting that the 
copper and IL bind via the imidazole nitrogen. The differences observed in the powder XRD 
pattern of the copper and zinc analogues can be explained in terms of the differences in the 
size of metal ions in the lattice. 
 
5.2.2.3 Copper Oxide in protomimCl Solution 
Copper oxide (50 mg, 0.629 mmoles) was dissolved in protomimCl (1g, 0.009 moles), 
containing 10% water, by heating at 80oC with stirring at 600 rpm for 30 minutes. The 
solution was left to stand to allow the green crystals (Figure 5-9) to form which were then 
carefully filtered from the IL and washed with a minimum quantity of ethanol.   
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Figure 5-9: Crystalline precipitate produced from solution of CuO in protomimCl 
 
The solid crystals were characterised by FTIR spectroscopy, TGA and powder XRD as 
presented below: 
 
FTIR: νmax(KBr)/cm-1  1540, 1445, 1420, 1280, 1230, 1100, 1090, 840 and 760 
 
TGA:  Melting point between 140-144oC, with many stages of decomposition, 
although all are quite indistinct, 53% mass loss between 165-325oC; 11% 
between 325-415oC; 14% between 415-670oC with the remaining mass loss 
of 5% up to 1000oC to leave a 17% residue 
 
Powder X-Ray Diffraction: 
The XRD pattern (Figure 5-10) for the crystals obtained from CuO dissolved in protomimCl 
is similar but not identical to that of the CuO-protomimBr complex due to the presence of a 
the smaller chloride ion changing the lattice spacing. 
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Figure 5-10: Powder X-ray diffraction pattern of the CuO-protomimCl complex  
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In summary, the FTIR spectrum is similar to that of CuO-protomimBr but with slight shifts, 
probably due to the change in the strength of the interactions due to the reduced size and 
increased charge density of chlorine. The melting point of the crystals is very similar to that 
determined from the TG-DSC of the CuO-protomimBr crystals, although the profile of the 
bromide analogue is a one-step mass loss, leading to complete degradation and no residue, 
while the chloride analogue decomposes in stages to leave 17% residue.  
 
5.2.3 Synthesis and Characterisation of Manganese-IL Complexes 
In order to study the manganese-IL interactions complex solutions were prepared, using 
manganese in protomimBr and, separately, in protomimCl, and manganese dioxide in 
protomimBr, and the crystalline products from the solutions, were characterised. 
 
5.2.3.1  Manganese in protomimBr Solution 
Manganese (200 mg) was dissolved in protomimBr (4 g) with stirring at 600 rpm and heating 
at 80oC for 30 minutes. After allowing the solution to cool, ethanol was added and the 
solution was left to stand overnight. A white crystalline precipitate (Figure 5-11) was 
produced which was collected by vacuum filtration and washed with ethanol.  
 
 
Figure 5-11: Crystalline precipitate produced from solution of Mn in protomimBr 
 
The solid crystals were characterised by FTIR spectroscopy, TGA, ICP-AES and powder 
XRD, as presented below with a full single crystal structure determination of the crystals 
obtained presented in Section 5.3.3: 
 
FTIR:  νmax(KBr)/cm-1: 3425, 3330, 3130, 3040, 1530, 1520, 1420, 1285, 1240, 
1110, 1090 and 845  
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TGA:  Melting point between 167-171oC. 3 step loss: 5% at 50-80oC, followed by a 
40% loss at 215-350oC and a 47% loss 620-750oC to leave a 5% residue at 
1000oC. 
 
ICP-AES:  13% Mn 
 
Powder X-Ray Diffraction: 
The XRD pattern (Figure 5-12) for the crystals obtained from manganese dissolved in 
protomimBr shows that the precipitate is a crystalline material.  
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Figure 5-12: Powder X-ray diffraction pattern of the Mn-protomimBr complex  
 
5.2.3.2  Manganese in protomimCl Solution 
Manganese (200 mg) was dissolved in protomimCl (4 g) with stirring at 600 rpm and heating 
at 80oC for 30 minutes. After allowing the solution to cool, ethanol was added and the 
solution was left to stand overnight. A white crystalline precipitate (Figure 5-13) was 
produced which was collected by vacuum filtration and washed with ethanol.  
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Figure 5-13: Crystalline precipitate produced from solution of Mn in protomimCl 
 
The solid crystals were characterised by FTIR spectroscopy, TGA and powder XRD, as 
presented below: 
 
FTIR:  νmax(KBr)/cm-1: 3130, 1530, 1515, 1415, 1285, 1235, 1105 and 835  
  
TGA:  Melting point between 164-168oC.  4 step decomposition with a mass loss of 
24% between 115-170oC, 8% loss between 245-280oC, 14% loss between 
280-345oC with a final decomposition of 12% between 610-1000oC to leave a 
20% residue  
 
Powder X-Ray Diffraction: 
The XRD pattern (Figure 5-14) for the crystals obtained from manganese dissolved in 
protomimCl is not the same as that of the [Mn+protomimBr] crystals. 
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Figure 5-14: Powder X-ray diffraction pattern of the Mn-protomimCl complex  
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The bromide and chloride analogues of Mn dissolved in protomim ILs do not have similar 
FTIR spectra, with shifts in many absorbances and significant water OH absorptions in the 
bromide analogue at 3425, 3330 and 1605 cm-1 and not at all in the chloride version. The OH 
band of the Mn-bromide complex spectrum due to the presence of water is absent from the 
chloride analogue and the TGA profile does not have a mass loss below 120oC which would 
be attributed to the evaporation of water, suggesting a lower water content in the chloride 
complex compared to the bromide complex. The difference in the water content of the 
complexes is likely due to the higher water content of protomimBr compared to protomimCl.  
 
The FTIR spectrum of the Mn-protomimCl crystal is identical to those of the corresponding 
copper and the zinc complexes.  
 
5.2.3.3  Manganese Dioxide in protomimBr Solution 
Manganese dioxide (50 mg) was dissolved in protomimBr (1 g) with stirring at 600 rpm and 
heating at 80oC for 30 minutes. After allowing the solution to cool, ethanol was added and the 
solution was left to stand overnight. A white crystalline precipitate was produced which was 
collected by vacuum filtration and washed with ethanol prior to full characterisation. 
 
The solid crystals were characterised by FTIR spectroscopy and TGA, as presented below: 
 
FTIR:  νmax(KBr)/cm-1 3425 and 3330, 3125, 3040, 2965, 1605, 1530, 1520, 1420, 
1285, 1240, 1110, 1090, and 845 
  
TGA:  Onset decomposition 230oC to leave 27% of mass at 400oC, followed by 
secondary loss 635-800oC of 18% and continued gradual mass loss to leave 
1% at 1000oC 
 
The FTIR spectrum for the MnO2-complex crystals is identical to that for the corresponding 
crystals derived from a manganese metal solution confirming that the crystals from both the 
metal and metal oxide have the same structure and suggesting that Mn-O bonds are broken on 
the dissolution of MnO2 in the IL. 
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5.2.4 Synthesis and Characterisation of Cobalt-IL Complexes 
In order to study the cobalt-IL interactions complex solutions were prepared, using cobalt 
chloride in protomimBr and, separately, in protomimCl, and the crystalline products from the 
solutions, were characterised. 
 
On dissolving cobalt chloride and cobalt sulfate in any one of the hydrophilic ILs, a blue to 
green solution was produced. The blue solutions are obtained in colourless ILs suggesting a 
tetrahedral coordination around the cobalt. In yellow and particularly dark yellow ILs a green 
solution was obtained, presumably simply a mixture of the blue terahedrally coordinated 
cobalt with the coloured IL. Addition of water to the solution resulted in a colour change from 
a strong royal blue colour to a pale pink, as shown in Figure 5-15.  
    
Figure 5-15: emimCl+CoSO4 without water (blue), with water (pink) 
 
This colour change indicates a change in the environment around the cobalt centre from 
tetrahedral in the pure IL to octahedral on the addition of water.  
 
5.2.4.1  Cobalt Chloride in protomimBr Solution 
Cobalt chloride (1.3673 g, 10 mM) was dissolved in protomimBr (5.0667 g, 30 mM) by 
heating at 80oC and stirring at 600 rpm for 1 hour. The resulting solution was left to cool 
giving rise to solid blue crystals which were washed gently with ethanol to remove residual IL 
solution and the crystals were dried prior to full characterisation. The solid crystals (Figure 
5-16) were characterised by FTIR spectroscopy, TG-DSC, elemental analysis – CHN, Br and 
Cl and powder XRD, as presented below, with a full single crystal structure determination 
presented in Section 5.3.4  
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Figure 5-16: Crystals isolated from solution of CoCl2 in protomimBr 
 
Addition of CoCl2 to protomimBr in a 1:2 mole ratio resulted in the solution solidifying very 
quickly to a royal blue crystalline substance that was solid at 80oC.   
 
FTIR:   νmax(KBr)/cm-1 3235, 3125, 3100, 3065, 2870, 1630, 1580, 1545, 1430, 1375, 
1325, 1275, 1235 , 1085, 855 and 760 
TGA:  Melting point between 115-117oC, 2 step decomposition with 65% mass loss 
245-460oC, then 28% mass loss 460-830oC to leave 7% residue at 1000oC. 
 
Elemental Analysis: 
The elemental analysis suggests that this complex does not contain 1 metal centre for every 2 
ion pairs of the IL as was the case in the copper and zinc complexes. 
 
Table 5-4: Elemental analysis of CoCl2-protomimBr complex 
 C H N Cl Br Co 
CoCl2+protomimBr crystals (wt %)  20.40 2.87 11.97 12.81 40.11 13.01 
 
Powder X-Ray Diffraction:  
The XRD pattern (Figure 5-17) for the crystals obtained from CoCl2 dissolved in protomimBr 
shows that the material is crystalline. 
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Figure 5-17: Powder X-ray diffraction pattern of the CoCl2-protomimBr complex 
5.2.4.2 Cobalt chloride in protomimCl Solution 
Cobalt chloride (1.5491 g, 10 mM) was dissolved in protomimCl (5.2616 g, 30 mM) by 
heating at 80oC and stirring at 600 rpm for 1 hour. The resulting solution was left to cool 
giving rise to bright blue solid crystals which were washed gently with ethanol to remove 
residual IL solution and the crystals were dried prior to full characterisation. The solid 
crystals (Figure 5-18) were characterised by FTIR spectroscopy, TGA and XRD 
spectroscopy, as presented below:  
 
Figure 5-18: Crystals isolated from solution of CoCl2 in protomimCl 
 
FTIR:  νmax(KBr)/cm-1  3245, 3130, 3110, 3065, 1640, 1580, 1540, 1525, 1475, 1430, 
1415, 1375, 1295, 1280, 1240, 1145, 1110, 1085, 1070, 1025, 1000, 955, 
865, 845, 775, 675, 660 and 620. 
 
TGA:  Melting point between 127-131oC, with 2 step decomposition with 62% mass 
loss 225-460oC, then 28% mass loss 460-830oC to leave 7% residue at 
1000oC. 
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Powder X-Ray Diffraction: 
The XRD pattern (Figure 5-19) for the crystals obtained from CoCl2 dissolved in protomimCl 
shows the material to be crystalline. 
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Figure 5-19: Powder X-ray diffraction pattern of the CoCl2-protomimCl complex 
5.3  Single Crystal Structure Determinations 
The structures of the crystals obtained from zinc in cyanomimBr and copper, manganese and 
cobalt ions in protomimBr have been determined using a Nonius Kappa CCD single crystal 
diffractometer at the UK National Crystallography Service at the University of Southampton 
and the data are set out below.  The Nonius Kappa CCD area detector diffractometer scans (φ 
scans and ω scans) to fill the asymmetric unit sphere. Unit cell determinations used the DirAx 
programme [230], the Collect data collection software [231], Denzo data reduction and cell 
refinement [232], the SHELX97 [233] or SUPERFLIP [234] structure refinement 
programmes and ORTEP3 for windows graphics [235].  Absorption corrections were made by 
SORTAV (Zn and Cu compounds) [236, 237] and SADABS (Mn and Co compounds) [238].  
In the structures of the zinc and copper compounds all hydrogen atoms were fixed using a 
standard riding model. In the cobalt compound, which is a mixed halide compound, the ratios 
of Br:Cl were allowed to refine freely and then fixed to nearest appropriate value (23:17).  All 
Co-Br distances were restrained to be similar lengths and so also were all Co-Cl distances. 
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5.3.1 Zinc-IL Complex 
The single crystals of the complex formed from the zinc in cyanomimBr solution were fully 
characterised and the crystal data and structure refinement details are presented in Table 5-5, 
the atomic positions in Table 5-6, and the bond lengths and angles in Table 5-7 and Table 5-8.  
Figure 5-20 shows the coordination of atoms around zinc in the structure. 
 
Table 5-5: Crystal data and structure refinement details of crystals from Zn+cyanomimBr 
Empirical formula  C8H12Br2N4Zn 
Formula weight  389.41 
Temperature  120(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/n  
Unit cell dimensions a = 8.2262(2) Å α = 90° 
 b = 12.6339(2) Å β = 100.4360(10)° 
 c = 12.8587(3) Å γ  = 90° 
Volume 1314.28(5) Å3 
Z 4 
Density (calculated) 1.968 Mg / m3 
Absorption coefficient 7.925 mm−1 
F(000) 752 
Crystal Block; Colourless 
Crystal size 0.38 × 0.28 × 0.18 mm3 
θ range for data collection 2.99 − 27.48° 
Index ranges −10 ≤ h ≤ 10, −16 ≤ k ≤ 16, −16 ≤ l ≤ 16 
Reflections collected 17315 
Independent reflections 3018 [Rint = 0.0354] 
Completeness to θ = 27.48° 99.9 %  
Absorption correction Semi−empirical from equivalents 
Max. and min. transmission 0.3296 and 0.1527 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3018 / 0 / 138 
Goodness-of-fit on F2 1.067 
Final R indices [F2 > 2σ(F2)] R1 = 0.0223, wR2 = 0.0445 
R indices (all data) R1 = 0.0276, wR2 = 0.0462 
Largest diff. peak and hole 0.353 and −0.499 e Å−3 
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Table 5-6 : Atomic positions in ZnBr2(mim)2 
Atom  x y z Ueq S.o.f. 
H1 4525 3751 4410 19 1 
H2 160 2727 2909 22 1 
H3 -212 3384 4667 25 1 
H4A 3877 4228 6206 39 1 
H4B 2125 3853 6448 39 1 
H4C 2285 4966 5882 39 1 
H11 1665 3230 -237 21 1 
H12 4085 5417 1651 28 1 
H13 2800 6303 -13 30 1 
H14A 562 4270 -1863 36 1 
H14B 1590 5320 -2000 36 1 
H14C -57 5391 -1506 36 1 
C1 3385(3) 3571(2) 4251(2) 16(1) 1 
C2 1002(3) 3017(2) 3435(2) 19(1) 1 
C3 791(3) 3373(2) 4399(2) 21(1) 1 
C4 2681(4) 4233(2) 5948(2) 26(1) 1 
C11 2111(3) 3889(2) 35(2) 17(1) 1 
C12 3427(3) 5083(2) 1059(2) 24(1) 1 
C13 2728(3) 5573(2) 148(2) 25(1) 1 
C14 917(3) 4959(2) -1553(2) 24(1) 1 
N1 2638(2) 3146(1) 3344(1) 15(1) 1 
N2 2314(2) 3713(1) 4910(2) 18(1) 1 
N11 3027(2) 4021(1) 985(2) 18(1) 1 
N12 1897(2) 4806(1) -492(1) 18(1) 1 
Zn1 3663(1) 2876(1) 2068(1) 14(1) 1 
Br1 2557(1) 1270(1) 1255(1) 19(1) 1 
Br2 6567(1) 2987(1) 2700(1) 20(1) 1 
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Table 5-7 : Bond lengths in ZnBr2(mim)2 
 Bond Length (Ǻ) 
C1-N1 1.329(3) 
C1-N2 1.341(3) 
C1-H1 0.95 
C2-C3 1.358(3) 
C2-N1 1.382(3) 
C2-H2 0.95 
C3-N2 1.374(3) 
C3-H3 0.95 
C4-N2 1.470(3) 
C4-H4A 0.98 
C4-H4B 0.98 
C4-H4C 0.98 
C11-N11 1.325(3) 
C11-N12 1.337(3) 
C11-H11 0.95 
C12-C13 1.356(3) 
C12-N11 1.381(3) 
C12-H12 0.95 
C13-N12 1.371(3) 
C13-H13 0.95 
C14-N12 1.467(3) 
C14-H14A 0.98 
C14-H14B 0.98 
C14-H14C 0.98 
N1-Zn1 2.0052(18) 
N11-Zn1 2.0102(19) 
Zn1-Br2 2.3838(3) 
Zn1-Br1 2.3856(3) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5-8: Bond angles in ZnBr2(mim)2 
 Bond Angle (o) 
N1-C1-N2 110.9(2) 
N1-C1-H1 124.6 
N2-C1-H1 124.6 
C3-C2-N1 109.0(2) 
C3-C2-H2 125.5 
N1-C2-H2 125.5 
C2-C3-N2 106.5(2) 
C2-C3-H3 126.8 
N2-C3-H3 126.8 
N2-C4-H4A 109.5 
N2-C4-H4B 109.5 
H4A-C4-H4B 109.5 
N2-C4-H4C 109.5 
H4A-C4-H4C 109.5 
H4B-C4-H4C 109.5 
N11-C11-N12 111.0(2) 
N11-C11-H11 124.5 
N12-C11-H11 124.5 
C13-C12-N11 109.0(2) 
C13-C12-H12 125.5 
N11-C12-H12 125.5 
C12-C13-N12 106.5(2) 
C12-C13-H13 126.8 
N12-C13-H13 126.8 
N12-C14-H14A 109.5 
N12-C14-H14B 109.5 
H14A-C14-H14B 109.5 
H14A-C14-H14C 109.5 
H14B-C14-H14C 109.5 
C1-N1-C2 105.98(19) 
C1-N1-Zn1 126.20(15) 
C2-N1-Zn1 127.61(15) 
C1-N2-C3 107.60(19) 
C1-N2-C4 125.7(2) 
C3-N2-C4 126.4(2) 
C11-N11-C12 105.91(19) 
C11-N11-Zn1 125.57(15) 
C12-N11-Zn1 128.52(16) 
C11-N12-C13 107.61(19) 
C11-N12-C14 125.81(19) 
C13-N12-C14 126.57(19) 
N1-Zn1-N11 110.43(7) 
N1-Zn1-Br2 104.75(5) 
N11-Zn1-Br2 108.25(6) 
N1-Zn1-Br1 108.62(5) 
N11-Zn1-Br1 106.14(5) 
Br2-Zn1-Br1 118.596(13) 
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Figure 5-20: Structure of the Zn-cyanomimBr precipitate as determined by single crystal XRD - 
ZnBr2(mim)2 
 
The coordination of zinc in the complex is tetrahedral, with the zinc bonded to two bromine 
atoms and through two nitrogen atoms of two 1-methylimidazole molecules, with the Zn-Br 
and Zn-N bonds being covalent in nature (Table 5-9). It is interesting that the complexing 
molecule is 1-methylimidazole rather than the cyanomim+ cation, which would be expected 
from the cyanomimBr IL.   
Table 5-9: Typical bond lengths (Ǻ) 
Bond ZnBr2(mim)2 
Complex 
Van der Waals Covalent Ionic 
Zn-Br 2.38 3.93 2.37 2.56 
Zn-N 2.01 3.65 1.91  - 
 
On the basis of the coordination around the zinc, it is possible to assign the details of the 
FTIR spectra and the mass spectra obtained for this material. 
  
FTIR:  νmax(KBr)/cm-1 3120 (CH ar.), 1540 (C=N), 1520 (υC=C ar.), 1420 (CH3), 
1285 (υN-CH3), 1235 and 1105 (δC-H ip) and 845 (δCH oop) 
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The FTIR spectrum of the complex has three significant differences, when compared to that 
of the IL. They are: (i) the lack of the CH2 stretches at 2850 cm-1, (ii) the cyanide stretch at 
2250cm-1, and (iii) the shift in the 1580 and 1545 cm-1 absorbances corresponding to the 
imidazole ring. The wavenumbers are altered due to the nitrogen of the imidazolium ring 
interacting with the zinc centre whilst the CH2 and cyanide absorptions are not observed as 
they are not present in the sample. Comparison of the FTIR spectrum of 1-methylimidazole 
with the spectrum of ZnBr2(mim)2 would be expected to show similar spectra with some 
shifts in the absorbance bands corresponding to bonds of the imidazole ring. The broad OH 
band at 3400 cm-1 due to moisture in the 1-methylimdiazole spectrum is absent from the 
complex and the 2955, 1025 and 1285 cm-1 bands are much weaker in the complex spectrum. 
There are shifts from 1515 to 1540, 1470 to 1520, 1360 to 1335, 1080 to 1095, 910 to 955 and 
820 to 845 cm-1 due to the metal interaction with the imidazole ring. 
 
Elemental Analysis 
Comparison of the analytical data (Table 5-10) confirms the complex derived from the Zn-
cyanomimBr system to be ZnBr2(mim)2, consistent with the crystal structure determination. 
Table 5-10: Elemental analysis of the crystals as ZnBr2(mim)2 
 C H N Br Zn 
Zn-cyanomimBr Complex (wt %) 24.8 3.0 14.3 35.7 20.4 
Theoretical wt% of ZnBr2(mim)2 24.7 3.1 14.4 41.1 17.8 
 
Mass Spectrum:    
+ve 83.3 (Hmim+, 40%), 227 (ZnBrmim+, 10%), 308.9 (ZnBrmim2+, 100%), 391 
(ZnBrmim3+, 20%), 617 (Zn2Br3mim3+, 10%), 697.0 (Zn2Br3mim4+, 5%) 
-ve: 79.1 (Br-, 100%), 97.1, 304.5 (ZnBr3-, 30%), 469.0 (ZnBr3mim2-, 5%), 530.7 
(Zn2Br5-, 1%), 612.7 (Zn2Br5mim-, 1%), 694.6 (Zn2Br5mim2-, 1%) 
 
With the crystal structure of the complex having been determined, the absence of the signals 
at 136 and 352, in the positive scan, and 296, in the negative scan can be explained by the 
absence of the cyanomim+ cation in the structure, whilst the presence of the methylimidazole 
ligand is confirmed by the signals at 83, 227, 309, 391, 617 and 697 mass units, in the 
positive scan, and the 469, 613 and 695 mass units, in the negative scan, and by the splitting 
patterns of these signals caused by the isotopes of the atoms present. 
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5.3.2 Copper-IL Complex 
The single crystals of the complex formed from the copper oxide in protomimBr solution 
were fully characterised and the crystal data and structure refinement details are presented in  
Table 5-11, the atomic positions in Table 5-12, and the bond lengths and angles in Table 5-13 
and Table 5-14. Figure 5-21 shows the coordination of atoms around copper in the structure. 
 
Table 5-11: Crystal data and structure refinement details of crystals from Cu+protomimBr 
Empirical formula  C8H12Br2CuN4 
Formula weight  387.58 
Temperature  120(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/c  
Unit cell dimensions a = 4.0839(2) Å α = 90° 
 b = 13.8523(10) Å β = 100.047(5)° 
 c = 10.5195(8) Å γ  = 90° 
Volume 585.98(7) Å3 
Z 2 
Density (calculated) 2.197 Mg / m3 
Absorption coefficient 8.655 mm−1 
F(000) 374 
Crystal Blade; Green 
Crystal size 0.24 × 0.07 × 0.04 mm3 
θ range for data collection 3.54 − 27.47° 
Index ranges −4 ≤ h ≤ 5, −17 ≤ k ≤ 17, −13 ≤ l ≤ 13 
Reflections collected 6267 
Independent reflections 1340 [Rint = 0.0598] 
Completeness to θ = 27.47° 99.7 %  
Absorption correction Semi−empirical from equivalents 
Max. and min. transmission 0.7234 and 0.2305 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1340 / 0 / 71 
Goodness-of-fit on F2 1.080 
Final R indices [F2 > 2σ(F2)] R1 = 0.0370, wR2 = 0.0781 
R indices (all data) R1 = 0.0493, wR2 = 0.0835 
Largest diff. peak and hole 0.632 and −0.839 e Å−3 
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Table 5-12: Atomic position in CuBr2(mim)2 
Atom  x y z Ueq S.o.f. 
H1 2351 6904 3881 32 1 
H2 -1052 8365 6656 28 1 
H3 -2058 6618 6919 31 1 
H4A 3522 8699 3902 42 1 
H4B 3408 9222 5250 42 1 
H4C 177 9214 4143 42 1 
C1 1363(11) 7048(3) 4612(5) 26(1) 1 
C2 -491(10) 7856(3) 6128(4) 24(1) 1 
C3 -1030(11) 6898(3) 6264(4) 26(1) 1 
C4 2127(11) 8844(3) 4547(4) 28(1) 1 
N1 136(9) 6395(2) 5310(4) 29(1) 1 
N2 1040(9) 7938(2) 5066(3) 21(1) 1 
Cu1 0 5000 5000 38(1) 1 
Br1 4555(1) 4761(1) 6897(1) 20(1) 1 
 
 
Table 5-13: Bond lengths in Cu(mim)2Br2 
 Bond Length (Ǻ) 
C1-N1 1.318(6) 
C1-N2 1.337(5) 
C1-H1 0.95 
C2-C3 1.357(6) 
C2-N2 1.377(6) 
C2-H2 0.95 
C3-N1 1.373(6) 
C3-H3 0.95 
C4-N2 1.467(5) 
C4-H4A 0.98 
C4-H4B 0.98 
C4-H4C 0.98 
N1-Cu1 1.959(3) 
Cu1-N1i 1.959(3) 
Cu1-Br1 2.5010(4) 
Cu1-Br1i 2.5010(4) 
 
 
 
 
 
 
 
 
 
Table 5-14: Bond angles in Cu(mim)2Br2 
 Bond Angle (o) 
N1-C1-N2 111.3(4) 
N1-C1-H1 124.3 
N2-C1-H1 124.3 
C3-C2-N2 105.7(4) 
C3-C2-H2 127.2 
N2-C2-H2 127.2 
C2-C3-N1 109.7(4) 
C2-C3-H3 125.2 
N1-C3-H3 125.2 
N2-C4-H4A 109.5 
N2-C4-H4B 109.5 
H4A-C4-H4B 109.5 
N2-C4-H4C 109.5 
H4A-C4-H4C 109.5 
H4B-C4-H4C 109.5 
C1-N1-C3 105.8(3) 
C1-N1-Cu1 125.9(3) 
C3-N1-Cu1 128.3(3) 
C1-N2-C2 107.5(3) 
C1-N2-C4 126.9(4) 
C2-N2-C4 125.6(3) 
N1i-Cu1-N1 180.00(3) 
N1i-Cu1-Br1 89.88(10) 
N1-Cu1-Br1 90.12(10) 
N1i-Cu1-Br1i 90.12(10) 
N1-Cu1-Br1i 89.88(10) 
Br1-Cu1-Br1i 180 
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Figure 5-21: Structure of the CuO-protomimBr complex as determined by single crystal XRD- 
CuBr2(mim)2 
 
The coordination of the copper in the complex, produced by dissolving copper oxide in 
protomimBr, is square planar with the copper bonded to two bromine atoms and through two 
nitrogen atoms of the two 1-methylimidazole molecules, with the Cu-N bonds being covalent 
and the Cu-Br bonds being less covalent in nature (Table 5-15). The longer Cu-Br bond 
compared to the zinc analogue arises because of the square planar configuration around the 
copper atom. 
 
Table 5-15: Typical bond lengths (Å) 
Bond CuBr2(mim)2 
Complex 
Van der Waals Covalent Ionic 
Cu-N 1.96 3.41 1.93   
Cu-Br 2.50 3.69 2.39 2.53 
 
On the basis of the coordination around the copper, it is possible to assign the details of the 
FTIR spectra obtained for this material as follows: 
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FTIR: νmax(KBr)/cm-1 3450 (OH), 3105 (CH), 1630 (C=C), 1535 (C=N), 1525 
(C=C), 1415 (CH3), 1285 (N-CH3), 1240 and 1110 (C-H), 840 and 775 (C-H 
bend) 
 
The assignment of the infrared spectra is consistent with the presence of 1-methylimidazole  
molecules bonded to a metal through ring nitrogen atoms.  
 
Elemental Analysis 
Comparison of the analytical data (Table 5-16) confirms the complex derived from the CuO-
protomimBr system to be CuBr2(mim)2, consistent with the crystal structure. 
 
Table 5-16: Elemental analysis of the crystals as CuBr2(mim)2 
 C H N Br Cu 
CuO-protomimBr crystals (wt %) 24.16 3.09 13.76 39.29 12.15 
Theoretical wt% of CuBr2(mim)2 24.8 3.1 14.5 41.3 16.4 
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5.3.3 Manganese-IL Complex 
The single crystals of the complex formed from the manganese in protomimBr solution were 
fully characterised and the crystal data and structure refinement details are presented in Table 
5-17, the atomic positions in Table 5-18, and the bond lengths, angles and hydrogen bond 
lengths in Table 5-19, Table 5-20 and Table 5-21. Figure 5-23 shows the coordination of 
atoms around manganese in the structure. 
Table 5-17: Crystal data and structure refinement details of crystals from Mn+protomimBr 
Empirical formula  C8H16Br2MnN4O2 
Formula weight  415.01 
Temperature  120(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P−1  
Unit cell dimensions a = 6.51680(10) Å α = 105.2480(10)° 
 b = 6.8885(2) Å β = 109.1100(10)° 
 c = 8.7714(2) Å γ  = 96.1120(10)° 
Volume 350.859(14) Å3 
Z 1 
Density (calculated) 1.964 Mg / m3 
Absorption coefficient 6.631 mm−1 
F(000) 203 
Crystal Block; colourless 
Crystal size 0.08 × 0.06 × 0.03 mm3 
θ range for data collection 3.14 − 27.47° 
Index ranges −8 ≤ h ≤ 8, −8 ≤ k ≤ 8, −11 ≤ l ≤ 9 
Reflections collected 8309 
Independent reflections 1605 [Rint = 0.0361] 
Completeness to θ = 27.47° 99.9 %  
Absorption correction Semi−empirical from equivalents 
Max. and min. transmission 0.8259 and 0.6190 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1605 / 3 / 87 
Goodness-of-fit on F2 1.067 
Final R indices [F2 > 2σ(F2)] R1 = 0.0225, wR2 = 0.0496 
R indices (all data) R1 = 0.0244, wR2 = 0.0508 
Extinction coefficient 0.0199(19) 
Largest diff. peak and hole 0.870 and −0.408 e Å−3 
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Table 5-18:Atomic positions in MnBr2(mim)2(OH2)2 
Atom  x y z Ueq S.o.f. 
H1 5288 6779 2749 18 1 
H2 -12 6145 3981 22 1 
H3 3241 7752 6664 24 1 
H4A 7953 7569 6903 30 1 
H4B 7446 9820 7055 30 1 
H4C 8314 8710 5611 30 1 
H1WA 3450(30) 7140(40) -360(40) 25 1 
H1WB 1920(40) 8350(30) -540(40) 25 1 
C1 4354(4) 6821(3) 3387(3) 15(1) 1 
C2 1483(4) 6481(4) 4067(3) 18(1) 1 
C3 3255(4) 7362(4) 5546(3) 20(1) 1 
C4 7392(4) 8495(4) 6263(3) 20(1) 1 
N1 2171(3) 6143(3) 2706(2) 14(1) 1 
N2 5084(3) 7577(3) 5091(2) 15(1) 1 
Mn1 0 5000 0 12(1) 1 
Br1 -2460(1) 7900(1) 598(1) 15(1) 1 
O1 2114(3) 7162(2) -633(2) 17(1) 1 
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Table 5-19: Bond lengths in 
MnBr2(mim)2(OH2)2   
 Bond length (Ǻ) 
C1-N1 1.324(3) 
C1-N2 1.343(3) 
C1-H1 0.95 
C2-C3 1.357(3) 
C2-N1 1.382(3) 
C2-H2 0.95 
C3-N2 1.381(3) 
C3-H3 0.95 
C4-N2 1.470(3) 
C4-H4A 0.98 
C4-H4B 0.98 
C4-H4C 0.98 
N1-Mn1 2.1989(18) 
Mn1-N1i 2.1989(18) 
Mn1-O1 2.2184(15) 
Mn1-O1i 2.2184(15) 
Mn1-Br1 2.7413(2) 
Mn1-Br1i 2.7413(2) 
O1-H1WA 0.826(16) 
O1-H1WB 0.828(16) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5-20: Bond angles in 
MnBr2(mim)2(OH2)2
 Bond Angle (o) 
N1-C1-N2 111.6(2) 
N1-C1-H1 124.2 
N2-C1-H1 124.2 
C3-C2-N1 110.0(2) 
C3-C2-H2 125 
N1-C2-H2 125 
C2-C3-N2 105.9(2) 
C2-C3-H3 127.1 
N2-C3-H3 127.1 
N2-C4-H4A 109.5 
N2-C4-H4B 109.5 
H4A-C4-H4B 109.5 
N2-C4-H4C 109.5 
H4A-C4-H4C 109.5 
H4B-C4-H4C 109.5 
C1-N1-C2 105.22(18) 
C1-N1-Mn1 128.46(15) 
C2-N1-Mn1 126.07(14) 
C1-N2-C3 107.26(19) 
C1-N2-C4 126.7(2) 
C3-N2-C4 126.0(2) 
N1i-Mn1-N1 180.00(7) 
N1i-Mn1-O1 88.08(6) 
N1-Mn1-O1 91.92(6) 
N1i-Mn1-O1i 91.92(6) 
N1-Mn1-O1i 88.08(6) 
O1-Mn1-O1i 180.00(7) 
N1i-Mn1-Br1 90.28(5) 
N1-Mn1-Br1 89.72(5) 
O1-Mn1-Br1 90.05(4) 
O1i-Mn1-Br1 89.95(4) 
N1i-Mn1-Br1i 89.72(5) 
N1-Mn1-Br1i 90.28(5) 
O1-Mn1-Br1i 89.95(4) 
O1i-Mn1-Br1i 90.05(4) 
Br1-Mn1-Br1i 180.000(10) 
Mn1-O1-H1WA 117.9(18) 
Mn1-O1-H1WB 120.4(19) 
H1WA-O1-H1WB 111(2) 
Table 5-21: Hydrogen bond lengths in Mn(mim)2Br2(OH2)2 (Å) 
D-H•••A d(D-H) d(H•••A) d(D•••A) Ð(DHA) 
 O1-H1WA...Br1ii 0.826(16) 2.469(18) 3.2801(15) 167(2) 
 O1-H1WB...Br1iii 0.828(16) 2.586(19) 3.3769(16) 160(2)  
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Figure 5-22: Structure of the Mn-protomimBr complex as determined by single crystal XRD – 
MnBr2(mim)2(OH2)2 
 
The coordination of manganese in the complex is octahedral, with the manganese bonded to 
two axial bromine atoms and, in the equatorial plane, through two nitrogen atoms of two 1-
methylimidazole molecules and to two oxygen atoms of two water molecules, with the Mn-
Br, Mn-N and Mn-O being less covalent in nature (Table 5-22).     
 
Table 5-22: Typical bond lengths (Å) 
Bond MnBr2(mim)2(OH2)2 
Complex 
Van der 
Waals 
Covalent Ionic 
Mn-Br 2.74 3.80 2.46 2.71 
Mn-N 2.20 3.52 2.00 -  
Mn-O 2.22 3.49 1.93 2.15 
  
On the basis of the coordination around the manganese, it is possible to assign the details of 
the FTIR spectra obtained for this material as follows: 
 
FTIR:  νmax(KBr)/cm-1: 3425 and 3330 (υOH), 3130 (CH ar), 3040 (υC=CH), 1530 
(C=N), 1520 (υC=C ar), 1420 (CH3), 1285 (ring δCH), 1240 (δCH ip), 1110 
(δCH ip), 1090 (δCH ar) and 845 (δCH oop) 
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5.3.4 Cobalt-IL Complex 
The single crystals of the complex formed from the cobalt chloride in protomimBr solution 
were fully characterised and the crystal data and structure refinement details are presented in 
Table 5-23, the atomic positions in Table 5-24, and the bond lengths, angles and hydrogen 
bond lengths in Table 5-25, Table 5-26 and Table 5-27. Figure 5-23 shows the coordination of 
atoms around cobalt chloride in the structure. 
Table 5-23: Crystal data and structure refinement details of crystals from CoCl2 + protomimBr 
Empirical formula  C8H14Br2.30Cl1.70CoN4 
Formula weight  469.22 
Temperature  120(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P−1  
Unit cell dimensions a = 7.5728(2) Å α = 99.106(2)° 
 b = 7.7935(2) Å β = 95.093(2)° 
 c = 15.0579(4) Å γ  = 115.777(2)° 
Volume 777.67(4) Å3 
Z 2 
Density (calculated) 2.004 Mg / m3 
Absorption coefficient 7.289 mm−1 
F(000) 453 
Crystal Plate; Blue 
Crystal size 0.36 × 0.22 × 0.06 mm3 
θ range for data collection 2.98 − 27.48° 
Index ranges −9 ≤ h ≤ 9, −10 ≤ k ≤ 10, −19 ≤ l ≤ 19 
Reflections collected 16581 
Independent reflections 3566 [Rint = 0.0356] 
Completeness to θ = 27.48° 99.8 %  
Absorption correction Semi−empirical from equivalents 
Max. and min. transmission 0.6689 and 0.1789 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3566 / 13 / 197 
Goodness-of-fit on F2 1.066 
Final R indices [F2 > 2σ(F2)] R1 = 0.0250, wR2 = 0.0495 
R indices (all data) R1 = 0.0323, wR2 = 0.0522 
Extinction coefficient 0.0040(4) 
Largest diff. peak and hole 0.325 and −0.392 e Å−3 
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Table 5-24: Atomic positions in [CoCl2Br2](protomim)2 
Atom  x y z Ueq S.o.f. 
H1 5611 7607 10445 34 1 
H2 8084 11060 8745 45 1 
H3 9897 12836 10311 35 1 
H4A 8473 9652 11908 53 1 
H4B 7628 11218 11999 53 1 
H4C 9897 11872 11886 53 1 
H2A 5491 7914 8896 45 1 
H11 3950 7308 5207 46 1 
H12 -301 2115 3820 42 1 
H13 -343 4618 3007 35 1 
H14A 3793 8963 3592 48 1 
H14B 2570 9448 4321 48 1 
H14C 1477 8333 3292 48 1 
H12A 2365 3895 5156 48 1 
Br1 2081(5) 4434(6) 8523(3) 22(1) 0.6336(18) 
Br2 5507(7) 7364(5) 7000(4) 26(1) 0.6054(19) 
Br3 6856(7) 4108(7) 8341(3) 21(1) 0.5201(19) 
Br4 2582(6) 1745(4) 6104(2) 23(1) 0.541(2) 
Cl1 2180(30) 4460(30) 8462(12) 33(3) 0.3664(18) 
Cl2 5170(30) 7177(19) 6986(15) 27(2) 0.3946(19) 
Cl3 6681(19) 3817(18) 8207(9) 20(1) 0.4799(19) 
Cl4 2611(17) 1646(13) 6260(7) 31(2) 0.459(2) 
Co1 4249(1) 4310(1) 7463(1) 20(1) 1 
C1 6454(4) 8693(4) 10217(2) 28(1) 1 
C2 7821(5) 10600(5) 9290(2) 37(1) 1 
C3 8807(4) 11562(4) 10139(2) 29(1) 1 
C4 8533(5) 10811(4) 11709(2) 35(1) 1 
N1 7938(3) 10349(3) 10714(1) 23(1) 1 
N2 6358(4) 8824(4) 9357(2) 37(1) 1 
C11 2875(4) 6323(5) 4759(2) 39(1) 1 
C12 547(5) 3482(4) 3996(2) 35(1) 1 
C13 525(4) 4843(4) 3556(2) 29(1) 1 
C14 2498(4) 8496(4) 3792(2) 32(1) 1 
N11 1984(3) 6619(3) 4043(1) 24(1) 1 
N12 2032(4) 4444(4) 4748(2) 40(1) 1 
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Table 5-25: Bond lengths in [CoCl2Br2](protomim)2 
 Bond Lengths (Ǻ) 
Br1-Co1 2.409(2) 
Br2-Co1 2.394(2) 
Br3-Co1 2.354(3) 
Br4-Co1 2.414(3) 
Cl1-Co1 2.293(9) 
Cl2-Co1 2.289(9) 
Cl3-Co1 2.275(8) 
Cl4-Co1 2.302(8) 
C1-N2 1.313(4) 
C1-N1 1.331(3) 
C1-H1 0.95 
C2-C3 1.339(4) 
C2-N2 1.373(4) 
C2-H2 0.95 
C3-N1 1.377(3) 
C3-H3 0.95 
C4-N1 1.466(3) 
C4-H4A 0.98 
C4-H4B 0.98 
C4-H4C 0.98 
N2-H2A 0.88 
C11-N12 1.315(4) 
C11-N11 1.325(4) 
C11-H11 0.95 
C12-C13 1.343(4) 
C12-N12 1.372(4) 
C12-H12 0.95 
C13-N11 1.371(3) 
C13-H13 0.95 
C14-N11 1.463(3) 
C14-H14A 0.98 
C14-H14B 0.98 
C14-H14C 0.98 
N12-H12A 0.88 
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Table 5-26: Bond angles in [CoCl2Br2](protomim)2 
 Bond Angles (o)  Bond Angles (o) 
Cl3-Co1-Cl2 118.0(6) N1-C3-H3 126.6 
Cl3-Co1-Cl1 108.2(7) N1-C4-H4A 109.5 
Cl2-Co1-Cl1 102.4(7) N1-C4-H4B 109.5 
Cl3-Co1-Cl4 105.3(4) H4A-C4-H4B 109.5 
Cl2-Co1-Cl4 111.5(6) N1-C4-H4C 109.5 
Cl1-Co1-Cl4 111.5(6) H4A-C4-H4C 109.5 
Cl3-Co1-Br3 6.0(4) H4B-C4-H4C 109.5 
Cl2-Co1-Br3 114.6(5) C1-N1-C3 108.7(2) 
Cl1-Co1-Br3 105.1(5) C1-N1-C4 125.6(2) 
Cl4-Co1-Br3 111.3(3) C3-N1-C4 125.7(2) 
Cl3-Co1-Br2 113.1(4) C1-N2-C2 109.4(2) 
Cl2-Co1-Br2 5.0(6) C1-N2-H2A 125.3 
Cl1-Co1-Br2 105.4(5) C2-N2-H2A 125.3 
Cl4-Co1-Br2 113.4(3) N12-C11-N11 109.0(3) 
Br3-Co1-Br2 109.68(19) N12-C11-H11 125.5 
Cl3-Co1-Br1 107.4(4) N11-C11-H11 125.5 
Cl2-Co1-Br1 103.2(6) C13-C12-N12 106.8(2) 
Cl1-Co1-Br1 0.9(6) C13-C12-H12 126.6 
Cl4-Co1-Br1 111.4(3) N12-C12-H12 126.6 
Br3-Co1-Br1 104.40(18) C12-C13-N11 107.4(3) 
Br2-Co1-Br1 106.24(17) C12-C13-H13 126.3 
Cl3-Co1-Br4 108.8(3) N11-C13-H13 126.3 
Cl2-Co1-Br4 105.8(6) N11-C14-H14A 109.5 
Cl1-Co1-Br4 113.8(5) N11-C14-H14B 109.5 
Cl4-Co1-Br4 5.7(4) H14A-C14-H14B 109.5 
Br3-Co1-Br4 114.75(14) N11-C14-H14C 109.5 
Br2-Co1-Br4 107.67(17) H14A-C14-H14C 109.5 
Br1-Co1-Br4 113.76(14) H14B-C14-H14C 109.5 
N2-C1-N1 108.0(2) C11-N11-C13 108.1(2) 
N2-C1-H1 126 C11-N11-C14 126.4(2) 
N1-C1-H1 126 C13-N11-C14 125.5(2) 
C3-C2-N2 107.0(3) C11-N12-C12 108.8(3) 
C3-C2-H2 126.5 C11-N12-H12A 125.6 
N2-C2-H2 126.5 C12-N12-H12A 125.6 
C2-C3-N1 106.8(3)   
C2-C3-H3 126.6   
 
Table 5-27: H-bond lengths in [CoCl2Br2](protomim)2 
D-H•••A d(D-H) d(H•••A) d(D•••A) Ð(DHA) 
 N12-H12A...Br4 0.88 2.41 3.277(5) 166.9 
 N12-H12A...Cl4 0.88 2.65 3.516(12) 168.1 
 N2-H2A...Cl1 0.88 2.69 3.44(2) 143.5 
 N2-H2A...Cl2 0.88 2.81 3.49(2) 135.3 
 N2-H2A...Br1 0.88 2.74 3.472(5) 141.4 
 N2-H2A...Br2 0.88 2.82 3.462(6) 131 
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Figure 5-23: Structure of the CoCl2-protomimBr complex as determined by single crystal XRD – 
[CoCl1.7Br2.3](protomim)2 
 
The coordination of cobalt in the complex is tetrahedral, with the cobalt bonded to four 
halogen atoms, with an average of 2.3 bromine and 1.7 chlorine atoms and Co-Br and Co-Cl 
bond lengths between those typical for covalent and ionic bonds (Table 5-28). This anion is 
balanced by the presence of 2 protomim+ cations. It is interesting to note the very different 
structure of these crystals compared to the zinc, copper and manganese crystals which 
suggests that CoCl2 dissolves in the IL via a different mechanism to the other solutes.  
 
Table 5-28: Typical bond lengths (Å) 
Bond [CoCl1.7Br2.3](protomim)2 
Complex 
Van der Waals Covalent Ionic 
Co-Br 2.35-2.41 3.75 2.35 2.52 
Co-Cl 2.28-2.30 3.67 2.18 2.37 
H…Br 2.41-2.82 2.93 - - 
H…Cl 2.65-2.81 2.85 - - 
 
On the basis of the coordination around the cobalt, it is possible to assign the details of the 
FTIR spectra obtained for this material as follows: 
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FTIR:  νmax(KBr)/cm-1 3235 (υOH), 3125 (υCH ar), 3100 (υCH), 3065 (υC=CH), 
2870 (υCH), 1630 (C=C), 1580 (υC=C sym), 1545 (C=N), 1430 and 1375 
(CH3), 1325 (ring δCN), 1275 (ring δCH), 1235 (δCH ip), 1085 (ring δCH), 
855 (δCH oop) and 760 (δCH) 
 
The assignment of the infrared spectrum is consistent with the presence of 1-methylimidazole 
in which there is no complex formation between the metal and the ligand. 
 
Elemental Analysis 
Comparison of the analytical data (Table 5-29) confirms the complex derived from the CoCl2 
-protomimBr system to be CoCl1.7Br2.3(mim)2, consistent with the crystal structure 
determination. 
Table 5-29: Elemental analysis of the crystals as CoCl1.7Br2.3(mim)2 
 C H N Cl Br Co 
CoCl2+protomimBr crystals (wt %) 20.40 2.87 11.97 12.81 40.11 13.01 
Theoretical wt % CoCl1.7Br2.3(mim)2 20.5 2.9 11.9 12.9 39.2 12.6 
 
5.4   Discussion 
The solubility of metals and simple metal compounds in ILs will depend upon interactions  
between the metal or metal compound and the components of the IL that break the metal 
bonds or ionic  bonds holding the solid  metals or the compounds  together.  Such interactions 
will lead to the formations of solutions of metal species in the IL solvent.  Although any 
crystalline solid precipitated from metal solutions in ILs will depend partially on the relative 
solubilities of the potential products that could be precipitated from solution, they should give 
an indication of the nature of the solid-IL interactions that caused the metal or compound to 
dissolve. 
 
The crystal structures of crystalline materials obtained from solutions of zinc, copper, 
manganese and cobalt in cyanomim and protomim halide ILs were determined to obtain 
information on the nature of the metal species that are formed in the interactions between the 
metals and the solvents that lead to solubility. Three of the crystal structures (those of zinc, 
copper and manganese crystals) are complexes of the metals with 1-methylimidazole, each 
with different metal-centre geometries. 
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The zinc complex contains zinc atoms in tetrahedral coordination with two bonds to N atoms 
of imidazolium rings at 2.01Ǻ and two bonds to Br atoms at 2.38 Ǻ. The bonds to the N 
atoms are short enough to suggest complex formation with a considerable amount of covalent 
character.  The fact that the crystals obtained from zinc solutions in cyanomimBr are identical 
to those from protomimBr confirms the suggestion made in earlier Chapters that cyanomimBr 
does contain considerable quantities of protomimBr. 
 
The copper complex contains copper atoms in square planar coordination with two bonds to 
N atoms of imidazolium ions at 1.96 Ǻ and two bonds to Br atoms at 2.50 Ǻ. The bonds to the 
N atoms are short and suggest a considerable amount of covalent character with the 
interaction being stronger than between Zn and N atoms in the zinc complex. 
 
The manganese complex contains manganese atoms in octahedral coordination with two 
bonds to N atoms of imidazolium ions at 2.20 Ǻ; two bonds to Br atoms at 2.74 Ǻ and two 
bonds to O atoms of water molecules at 2.22 Ǻ.  The bonds to the N atoms are short enough 
to suggest a considerable amount of covalent character. Thermal analysis shows that there is 
no mass loss from the compound below 200oC confirming that the water molecules are 
relatively strongly bonded in the coordination of the Mn.  
 
The fact that the zinc, copper and manganese compounds contain short metal-nitrogen bonds 
suggests that the interactions between the three metals and the ILs responsible for the 
solubility is the complex forming ability of the methylimidazole part of the IL. Zinc oxide, 
zinc sulfide, copper oxide and manganese dioxide dissolve in protomimBr to form metal 
centred complexes, as is the case in the dissolution of the metals, suggesting that the M-O or 
M-S bond is broken during dissolution. 
 
The nature of the crystal structure of the material obtained from dissolving cobalt(II) chloride 
in protomimBr is however very different from those obtained from the zinc, copper and 
manganese solutions.  The cobalt atom is in tetrahedral coordination with bonds to Cl atoms 
at an average distance of 2.29 Ǻ and bonds to Br atoms at an average distance of 2.38 Ǻ 
explaining the blue colour of the crystals. The crystals did not have stoichiometric proportions 
of Cl and Br atoms but had an empirical formula of C8H13N4Cl1.7Br2.3Co which means that 
there are more Br atoms than Cl atoms than would be expected from the CoCl2Br22- 
tetrahalocobalt(II) anion. The Co-Br bond distances are closer to typical covalent bonds at 
2.35 Ǻ than typical ionic bonds at 2.52 Ǻ while the Co-Cl bonds are intermediate between 
typical covalent and ionic bond lengths at 2.18 and 2.37 Ǻ respectively. The fact that the Co 
forms stronger complex bonds with bromine than with chlorine explains why there is an 
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excess of Br over Cl in the tetrahalocobaltate(II) species. The 1-methylimidazolium ions in 
the crystal structure are not bonded to the cobalt which means that the complexing ability of 
the cobalt with halide ions is clearly greater than that with the imidazole nitrogen atoms and 
in this case the driving force in the solution of cobalt chloride in protomimBr must be the 
formation of tetrahalocobalt(II) ions.  The 1-methylimidazole C=N stretch  at 1545cm-1 in the 
cobalt compound is consistent with no bonding between the cobalt N atom of the imidazole 
ring in comparison with the values in the zinc complex (1540cm-1), the copper complex 
(1535cm-1) and the manganese complex (1530cm-1) which show evidence of M-N bonding. 
 
5.5   Conclusion 
The crystal structures show that complex formation between components of the IL and the 
metal ions provides the mechanism for the dissolution of metals from solids into the ILs.  The 
complex formation can, however, involve either the nitrogen atom of the imidazolium IL 
cation (as in the case of zinc, copper and manganese) or the IL halide anion (as in the case of 
cobalt).  
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6.1  Introduction 
This chapter summarises the findings of the research described in this thesis, the contribution 
that is made to knowledge and recommendations for future research. 
 
Disposal of all types of waste is becoming more difficult due to the need to reduce disposal to 
landfill and to maximise reuse and recycle.  Legislation is driving the need to find alternatives 
to the disposal of waste by increasing the cost of landfill disposal and the requirements of 
treatment of hazardous substances. Wastes, however, can also contain valuable component, 
the recovery of which can reduce the requirement for using virgin materials with consequent 
reductions in environmental impact. The waste streams which form the basis of the research 
described in this thesis are metal containing wastes arising from mining operations, low grade 
ores and end-of-life materials such as electrical and electronic goods and batteries.  
 
Ionic liquids (ILs) are generally defined as salts, composed entirely of anions and cations, 
with melting points below 100oC. They usually contain a large organic cation and an 
inorganic anion which cannot form strong lattices like sodium chloride, thus lowering the 
melting point and resulting in salts that are liquid at low temperatures. Many different types 
of IL arise from the number of different combinations of anions and cations that can lead to 
differences in their ability to protonate; their miscibility with water; the flexibility of their 
ionic structures to form task-specific ILs; and their ability to form eutectics. These factors 
lead to the unique properties of ILs that permit their use as general solvents, replacements for 
traditional volatile organic solvents, as reaction media and as extractants. The most important 
properties of ILs in this respect are that they: 
 
 have low vapour pressures and are non-volatile, 
 are non-flammable and non-explosive,  
 have high thermal and electrochemical stability, 
 remain liquid over a wide temperature range, 
 have high solvation capacity for a variety of compounds including organic, inorganic 
and organometallic materials,  
 can be designed to achieve increases in product yields, reaction rates, enzyme 
stability etc, 
 can be recycled, and 
 can be tailor-made to achieve specific physical and chemical properties. 
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The aim of this research has been to develop novel methodologies for the extraction of 
valuable metals or metal compounds from mixed metal-containing wastes and low grade ores 
using ILs as selective extraction solvents. In order to achieve this aim, the main objectives, as 
outlined in Chapter 1, were:  
• To undertake a literature review of ILs in terms of their properties, synthesis and 
applications as solvents in extractions from waste. 
• To rapidly prepare a suite of ILs with a range of properties and of suitable purity for 
use in waste extractions. 
• To characterise the suite of ILs in order to determine their suitability for use in 
selective metal extraction from waste. 
• To assess the feasibility of IL methodologies for the extraction and recovery of metals 
from the model systems, alkaline battery black mass and malachite ore.  
• To investigate the mechanisms of dissolution of metals and metal compounds in ILs. 
6.2  Research Outcomes 
The outcomes of the research described in this thesis have been discussed in the context of: 
- The use of ionic liquids as solvents and extractants; 
- Rapid synthesis of  ionic liquids of suitable purity for use in material 
recovery applications ; 
- Characterisation of ionic liquids to determine their feasibility as solvents for 
metal extraction from wastes and low grade ores; 
- Recovery of metals from ionic liquid solutions; 
- Application of ionic liquids in the extraction of metals from wastes and ores; 
and 
- Use of crystal structure determination to study the interactions between metal 
ions and ionic liquids that result in the dissolution of the metal in the ionic 
liquids.  
6.2.1 Use of Ionic Liquids as Solvents and as Extractants  
Ionic liquids are described in terms of their properties, their methods of synthesis and their 
applications as solvents. They are a versatile group of low-melting salts that can be designed 
to perform particular functions, and in the context of the current work, to act as solvents and 
extractants for metals. The selection of ILs for use as extractants was based on the known 
properties of ILs as potential low-cost reagents for environmentally clean and efficient 
processes.   
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6.2.2 Rapid Synthesis of Ionic Liquids of Suitable Purity 
For ionic liquids to be viable solvents for metal recovery from wastes and low grade sources, 
it would be necessary to develop rapid methods of synthesis giving rise to as-prepared ILs of 
sufficient purity to be used for this purpose. It should be stressed that there should be no need 
to embark on lengthy and expensive purification steps to produce high purity ILs because 
they would be unlikely to lead to economically viable processes.  
 
Many of the conventional syntheses of ionic liquids are time-consuming and for this reason 
alternative methods of synthesis were studied. Microwave-assisted synthesis of a range of 
ionic liquids has been shown to produce solvents that are of suitable purity to be considered 
for use in extracting value from wastes and low grade ores. The benefits of synthesis using 
microwave radiation are confirmed as: more rapid synthesis, more efficient reagent 
conversion, higher purity product, reduced loss of starting materials and less use of volatile 
organic solvents, all of which contribute to a more environmentally-sound synthesis 
methodology.  
6.2.3 Characterisation of the Ionic Liquids for Potential as Solvents for 
Metal Extraction 
The suite of ionic liquids, prepared and characterised in the course of this work were assessed 
with respect to use  in waste extractions and specifically on their  thermal stability, melting 
point, acidity, moisture content, metal solubility and miscibility with common organic 
solvents. The melting points of the ILs are all low enough to allow efficient stirring at 80oC 
and the solvents have high enough decomposition temperatures to permit their use up to 150- 
200oC. The solubilities of a range of metals, metal oxides, metal sulfides and other metal 
compounds in the ionic liquids were determined, and showed that some of the ILs are capable 
of selectively dissolving metals from a range of metal oxides and metal sulfides.   
6.2.4 Recovery of Metals from Ionic Liquid Solutions 
In order for an IL-based extraction process to be feasible it must be easy to recover the metal 
from solution permitting the regeneration of the IL for recycle into further extractions. It was 
shown that the metals can be recovered from solution by processes such as solvent addition, 
precipitation, acid, alkali or water addition, and by cementation. Examples of processes that 
could be used in metal recovery systems include addition of acid to a solution of ZnO in the 
hydrophobic IL, HBetNTf2, which leads to the extraction of the metal into the aqueous phase; 
and the successful cementation of lead from a PbS-protomimBr solution which highlights the 
feasibility of recovery of metals from sulfide solutions at ambient temperatures.  
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6.2.5 Application of Ionic Liquids in the Recovery of Metals from Wastes 
and Ores 
The use of ionic liquids as solvents to recover metal values from wastes and low grade 
primary materials was studied using alkali battery black mass waste and the mineral, 
malachite, as model systems. Studies on the solubility of components of synthetic black mass 
and alkaline battery black mass waste show that zinc oxide is selectively dissolved from zinc 
oxide-manganese dioxide-zinc mixtures into HBetNTf2. The work further shows that to 
achieve maximum zinc value extraction, it is necessary to pre-treat battery black mass waste 
to oxidise any unused zinc metal anode in the waste to zinc oxide prior to treatment with the 
IL.  
 
Studies on the solubility of malachite in the ionic liquids protomimBr, protomimCl and 
cyanomimBr and in the IL:water systems involving these solvents shows that the oxide ores 
of copper can be easily solubilised in these solvents. The work further shows that copper can 
easily be recovered from IL solutions by various methods including cementation although in 
commercial usage it would be much more likely that the metal will be recovered from the 
solutions by electrowinning. This approach could prove particularly useful in the recovery of 
copper from non-metallic wastes and low grade ores. 
6.2.6 Use of Crystal Structure Determination to Study Metal-IL 
Interactions  
Crystals have been isolated from solutions of Zn, ZnO, ZnS, CuO, CoCl2, Mn and MnO2 in 
protomimBr, protomimCl and cyanomimBr and X-ray diffraction crystal structures carried 
out to determine the coordination around the metal centres.   
 
The crystal structures show that complex formation between components of the ionic liquid 
and the metal ions provides the mechanism for the dissolution of metals from solids into the 
ionic liquids. The complex formation can, however, involve either the nitrogen atom of the 
imidazolium ionic liquid cation (as in the case of zinc, copper and manganese) or the ionic 
liquid halide anion (as in the case of cobalt).  
6.3 Contribution to Knowledge 
The contribution to knowledge arising from this thesis, in terms of recovery of metals from 
wastes and low grade ores, includes: 
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- Application of microwave-based rapid synthesis techniques for a range of 
ionic liquids, including, for the first time, the microwave assisted preparation 
of chlorozincate-methylimidazolium melts;  
- A report on the  solubility of a wide selection of metals and metal oxides, 
sulfides, sulfates and chlorides in a suite of hydrophilic and hydrophobic, 
aprotic and protic and functionalised ionic liquids and chlorometalate and 
organic deep eutectic solvents; 
- Proof of the feasibility of the use of ionic liquids in the extraction of value 
from waste, and specifically the case studies of the recovery of zinc and 
manganese from black mass and copper from malachite ore; and 
- Use of X-ray diffraction crystal structure determination as a means of 
determining the metal-ionic liquid interactions that lead to solubility of 
metals from solids into the ionic liquid. 
 
6.4 Recommendations for Future Work 
The work described in this thesis shows that it should be feasible to use ionic liquids for the 
extraction and recovery of metals and other materials from secondary sources with a lot of 
scope for the development and optimisation of the processes that are introduced in Chapter 4. 
In addition, the general approach for waste treatment could be applied to a variety of metal 
containing waste sources and low grade ores by selecting a different ionic liquid.  
 
Chapter 5 shows that a metal solute can dissolve by one of two mechanisms – either the 
imidazole interacting directly with the metal centre or by forming a salt with a metal 
tetrahalide. In order to determine whether this is caused by the dissolution of a metal chloride 
salt in the IL, it is necessary to isolate a crystalline material from a solution of ZnCl2 in 
protomimBr and determine the crystal structure so as to observe the interaction. In this work 
crystals have only been isolated from protomim ILs, where the nitrogen that interacts with the 
metal centre is associated with an acidic hydrogen prior to dissolution. This hydrogen is quite 
facile and dissociates from the imidazole ring easily in order to interact with the metal centre, 
unlike, for example, the hexyl chain of the hmim ILs. This may explain the solubility of 
CoCl2 and insolubility of Zn in the aprotic imidazolium ILs, as these ILs can interact via the 
anion but not through a nitrogen of the imidazole ring. It is therefore necessary to isolate 
metal-containing crystals from other, aprotic ILs to determine the way in which the solvent 
and solute interact.  
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Overall, the work conducted in the laboratory and reported in this thesis has raised many 
questions which as yet cannot be answered, highlighting the need for a more thorough 
understanding of ionic liquids, the way they work and the way they behave. A deeper and 
clearer understanding would aid future research by helping researchers to select an IL for a 
specific solute with the physical properties suitable for extractions from solid waste.  
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Hydrophilic Ionic Liquids  
1-Butyl-3-methylimidazolium Chloride 
FTIR of bmimCl        TG-DSC of bmimCl 
Wavenumbers (cm-1)
4000 3500 3000 2500 2000 1500 1000
%
 
T
r
a
n
s
m
i
t
t
a
n
c
e
20
30
40
50
60
70
80
90
100
   
-60
-50
-40
-30
-20
-10
0
10
0 100 200 300 400 500 600 700
Temperature (degrees centigrade)
H
e
a
t
 
F
l
o
w
 
(
m
W
)
-20
0
20
40
60
80
100
120
W
e
i
g
h
t
 
(
m
g
)
 
MS of bmimCl 
    
 -228- 
1H-NMR of bmimCl 
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1-Hexyl-3-methylimidazolium Chloride 
FTIR of hmimCl        TG-DSC of hmimCl 
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1H-NMR of hmimCl 
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1-Hexyl-3-methylimidazolium Bromide 
FTIR of hmimBr         TG-DSC of hmimBr 
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1H-NMR of hmimBr 
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1-Hexyl-3-methylimidazolium Iodide 
FTIR of hmimI         TG-DSC of hmimI 
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1H-NMR of hmimI 
 
 -235- 
1-(2-Cyanoethyl)-3-methylimidazolium Bromide 
FTIR of cyanomimBr        TG-DSC of cyanomimBr 
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1H-NMR of cyanomimBr 
 
 -237- 
N-hexylpyridinium Iodide 
FTIR of hpyrI         TG-DSC of hpyrI 
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1H-NMR of hpyrI 
 
 
 -239- 
Hydrophobic Ionic Liquids 
1-Ethyl-3-methylimidazolium bis(trifluoromethane)sulfonimide 
FTIR of emimNTf2        TG-DSC of emimNTf2 
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1H-NMR of emimNTf2 
 
 
 -241- 
1-Butyl-3-methylimidazolium bis(trifluoromethane)sulfonimide 
 FTIR of bmimNTf2        TG-DSC of bmimNTf2  
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 1H-NMR of bmimNTf2  
  
 
 -243- 
Betanium bis(trifluoromethane)sulfonimide   
FTIR of HBetNTf2        TG-DSC of HBetNTf2 
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1H-NMR of HBetNTf2 
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Trihexyltetradecylphosphonium bis(trifluoromethane)sulfonimide 
FTIR of P6,6,6,14NTf2        TG-DSC of P6,6,6,14NTf2 
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1H-NMR of P6,6,6,14NTf2 
 
 
 -247- 
Protic Ionic Liquids 
1-Protonated-3-methylimidazolium Bromide 
FTIR of protomimBr        TG-DSC of protomimBr 
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1H-NMR of protomimBr 
 
 
 -249- 
1-Protonated-3-methylimidazolium bis(trifluoromethane)sulfonimide 
FTIR of protomimNTf2        TG-DSC of protomimNTf2 
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1H-NMR of protomimNTf2 
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Eutectic Chlorometalate Ionic Liquids 
1-Ethyl-3-methylimidazolium Chloride/Aluminium Chloride 
FTIR of emimCl/AlCl3, N=0.3, 0.5 and 0.65 
Wavenumbers (cm-1)
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1-Hexyl-3-methylimidazolium Chloride/Aluminium Chloride 
FTIR of hmimCl/AlCl3, N=0.3, 0.5 and 0.65 
Wavenumbers (cm-1)
4000 3500 3000 2500 2000 1500 1000
%
 
T
r
a
n
s
m
i
t
t
a
n
c
e
20
40
60
80
100 hmimCl/AlCl3, N=0.3
hmimCl/AlCL3, N=0.5
hmimCl/AlCl3, N=0.65
 
 -253- 
MS of hmimCl/AlCl3, N=0.5 
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1-Ethyl-3-methylimidazolium Chloride/Zinc Chloride 
FTIR of emimCl/ZnCl2, N=0.4, 0.5 and 0.65 
Wavenumbers (cm-1)
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Choline Chloride: Zinc Chloride 
FTIR of 1:2 CC:ZnCl2 
Wavenumbers (cm-1)
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Choline Chloride: Thiourea   
FTIR of 1:1 CC:TU        TG-DSC of 1:1 CC:TU 
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FTIR of 1:2.5 CC:TU        TG-DSC of 1:2.5 CC:TU 
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Purchased Ionic Liquids 
Purchased 1-Ethyl-3-methylimidazolium Chloride 
FTIR of purchased emimCl       TG-DSC of purchased emimCl 
Wavenumbers (cm-1)
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Purchased Trihexyltetradecylphosphonium Chloride  
FTIR of purchased P6,6,6,14Cl       TG-DSC of purchased P6,6,6,14Cl 
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Purchased 1-Protonated-3-methylimidazolium Chloride 
FTIR of purchased protomimCl      TG-DSC of purchased protomimCl 
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 -260- 
Appendix B - Recovery of Value Using Ionic Liquids 
 
 -261- 
Recovery by Solvent Addition-Precipitation  
The FTIR and TG-DSC characterisation data for a selection of the precipitates recovered from the metal-IL solutions on addition of organic solvents is 
presented. 
hmimBr+CoSO4.7H2O+CHCl3 
FTIR Spectrum         TG-DSC 
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CoSO4+hpyrI+Acetone 
FTIR Spectrum         TG-DSC 
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CuO+CC:MA+Water 
FTIR Spectrum         TGA 
wavenumbers (cm-1)
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Zn+CC:MA+Ethanol 
FTIR Spectrum         TGA 
wavenumbers (cm-1)
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Mn+HBetNTf2+Acetone 
FTIR Spectrum         TGA (Violent reaction at 300OC) 
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PbS+protomimBr+Ethanol 
FTIR Spectrum: 
wavenumbers (cm-1)
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Recovery by NaOH Addition 
ZnO+HBetNTf2+NaOH Precipitate 
FTIR Spectrum        TG-DSC 
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Extraction from Black Mass 
HBetNTf2 residue 
TG-DSC         XRD 
-40
-20
0
20
40
60
80
100
120
0 100 200 300 400 500 600 700 800 900 1000
Temperature (degrees centigrade)
H
e
a
t
f
l
o
w
 
(
m
W
)
80
85
90
95
100
105
   
  
 -266- 
protomimBr residue 
TG-DSC:          XRD:  
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Recovery of Copper from Malachite Ore 
Malachite 
FTIR Spectrum:         TG-DSC:  
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Precipitate from solution of malachite in protomimBr on addition of ethanol 
FTIR Spectrum:         TGA: 
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Precipitate from solution of malachite in protomimCl on addition of ethanol 
FTIR Spectrum:         TGA:  
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Precipitate from solution of malachite in protomimBr on addition of water 
FTIR Spectrum:         TGA: 
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Cementation from solution of malachite in protomimBr by zinc addition  
TGA: 
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Secondary, Zinc-containing Precipitate in Filtrate 
FTIR Spectrum          TGA 
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Appendix C - Characterisation Data of Complexes Isolated from Metal-IL Solutions 
  -271- 
Characterisation of Zinc-IL Complexes  
Zinc in CyanomimBr Solution 
FTIR Spectrum:         TG-DSC: 
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Mass Spectra:  
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Zinc Oxide in CyanomimBr Solution 
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FTIR Spectrum:         TG-DSC: 
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Zinc Sulfide in CyanomimBr Solution 
FTIR Spectrum:         TG-DSC:   
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TG-DSC of [ZnS+cyanomimBr] complex
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Zinc in protomimBr Solution   
FTIR Spectrum:        TG-DSC: 
Wavenumbers (cm-1)
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Zinc in protomimCl Solution 
FTIR Spectrum:        TG-DSC: 
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TG-DSC of [Zn+protomimCl] Complex
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Characterisation of Copper-IL Complexes 
Copper Oxide in protomimBr Solution 
FTIR: Spectrum          TG-DSC:  
Wavenumbers (cm-1)
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Copper Oxide in protomimCl Solution 
FTIR Spectrum:          TGA: 
Wavenumbers (cm-1)
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Characterisation of Manganese-IL Complexes 
Manganese in protomimBr Solution 
FTIR: Spectrum          TGA: 
Wavenumbers (cm-1)
4000 3500 3000 2500 2000 1500 1000
%
 
T
r
a
n
s
m
i
t
t
a
n
c
e
40
50
60
70
80
90
100
    
0
10
20
30
40
50
60
70
80
90
100
0 100 200 300 400 500 600 700 800 900 1000
Temperature (degrees centigrade)
M
a
s
s
 
(
%
)
 
Manganese in protomimCl Solution 
FTIR Spectrum:          TGA: 
Wavenumbers (cm-1)
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  -278- 
Manganese Dioxide in protomimBr Solution 
FTIR: Spectrum          TGA:  
Wavenumbers
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Characterisation of Cobalt-IL Complexes 
Cobalt chloride in protomimBr Solution 
FTIR: Spectrum           TGA:   
Wavenumbers (cm-1)
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Cobalt chloride in protomimCl Solution  
FTIR: Spectrum          TGA:   
Wavenumbers (cm-1)
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